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Abstract
The weakly-coupled heterotic string is known to have problems of dilaton/moduli
stabilization, supersymmetry breaking (by hidden-sector gaugino condensation),
gauge coupling unification (or the Newton’s constant), QCD axion, as well as cos-
mological problems involving dilaton/moduli and axion. We study these problems
by adopting the point of view that they arise mostly due to our limited calcula-
tional power, little knowledge of the full vacuum structure, and an inappropriate
treatment of gaugino condensation. It turns out that these problems can be solved
or are much less severe after a more consistent and complete treatment.
There are two kinds of non-perturbative effects in our construction of string effec-
tive field theory: the field-theoretical non-perturbative effects of gaugino condensa-
tion (with a constraint ignored in the past) and the stringy non-perturbative effects
conjectured by S.H. Shenker, which are best described using the linear multiplet for-
malism. Stringy non-perturbative corrections to the Ka¨hler potential are invoked
to stabilize the dilaton at a value compatible with a weak coupling regime. Modular
invariance is ensured through the Green-Schwarz counterterm and string threshold
corrections which, together with hidden matter condensation, lead to moduli sta-
bilization at the self-dual point where the vev’s of moduli’s F components vanish.
In the vacuum, supersymmetry is broken at a realistic scale with vanishing cosmo-
logical constant. As for soft supersymmetry breaking, our model always leads to
a dilaton-dominated scenario. For the strong CP problem, the model-independent
axion has the right properties to be the QCD axion. Furthermore, there is a natu-
ral hierarchy between the dilaton/moduli mass and the gravitino mass, which could
solve both the cosmological moduli problem and the cosmological problem of the
model-independent axion.
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Chapter 1
Preamble
1
How the electroweak symmetry is broken is one of the fundamental ques-
tions of particle physics. In the standard model, the scalar Higgs doublet acquires a
non-vanishing vacuum expectation value (vev), and therefore breaks the electroweak
symmetry. However, the field-theoretical loop corrections to the masses of scalar
particles are quadratically divergent. Therefore, the scale of electroweak symmetry
breaking is in fact unstable against radiative corrections, and how the very large hi-
erarchy between the Planck scale and the scale of electroweak symmetry breaking is
generated remains a mystery. Currently, weak scale supersymmetry [1] is the most
promising solution this hierarchy problem. Supersymmetric theories are free from
quadratic divergences due to delicate cancellations between boson and and fermion
loop corrections, and therefore can stabilize the hierarchy between the Planck scale
and the electroweak scale. However, supersymmetry itself does not explain the
origin of the electroweak scale. Furthermore, supersymmetry introduces new par-
ticles (i.e., supersymmetric partners of the standard model particles.) Therefore,
as a requirement of particle phenomenology, supersymmetry must be broken and
the resulting theory is a supersymmetric extension of the standard model with su-
persymmetry softly broken at the electroweak scale. The experimental search for
supersymmetric partners is very important to our understanding of electroweak
symmetry breaking. It will also shed light on the mechanism of supersymmetry
breaking as well as the physics at (and possibly above) the scale where supersym-
metry is broken. On the other hand, constructing a realistic scheme of supersymme-
try breaking remains one of the big challenges to supersymmetry phenomenology.
Although it is possible, without knowing the details of the supersymmetry breaking
mechanism, to parametrize the effects of softly broken supersymmetry in an effective
description, yet it involves a huge numbers of unknown parameters and thus makes
phenomenological analyses highly intractable. It is therefore desirable to have a re-
alistic supersymmetry breaking scheme which predicts all the soft supersymmetry
breaking parameters in terms of only a few parameters.
It is well known that superstring theory offers, according to the above consider-
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ation, the most powerful scheme of supersymmetry phenomenology. More precisely,
all the parameters appearing in the effective description of the superstring are in
principle determined by the dynamics of superstring alone, i.e., by the vev’s of cer-
tain fields (e.g., the string dilaton and moduli.) Besides, the most compelling reason
to study superstring theory is the fact that it is the only known candidate theory
of quantum gravity. However, at the perturbative level the superstring has many
vacua parametrized by flat directions (e.g., the string dilaton and moduli) which
will be lifted only after non-perturbative effects are included1. Even with the recent
progress of string duality, there is still little knowledge of these non-perturbative
effects and hence how the above powerful feature of superstring theory is realized.
Earlier attempts to study the phenomenology of superstrings [2] have either ignored
the non-perturbative effects responsible for stabilizing the string dilaton/moduli or
relied on the racetrack model2 [3], and therefore their results may not be reliable. It
is believed and will be shown in the following chapters that it is possible to draw re-
liable predictions from superstrings only after the relevant non-perturbative effects
are fully taken into account.
Our study of superstring phenomenology contains two kinds of non-perturbative
effects: the stringy non-perturbative effects generated above the string scale, and
the field-theoretical non-perturbative effects of gaugino condensation generated by
strongly-interacting gauge groups below the string scale. As for stringy non-perturbative
effects, they have always been ignored in the past. The existence of significant
stringy non-perturbative effects was first conjectured by S.H. Shenker [4]. The re-
cent development of string duality has provided further evidence [5, 6] for Shenker’s
conjecture. It was first noticed by T. Banks and M. Dine that significant stringy
non-perturbative effects could have interesting implications [7]. Here we will study
in detail the phenomenological implications of stringy non-perturbative effects using
1It is very possible that the same non-perturbative effects are also responsible for supersym-
metry breaking.
2As will be discussed later, the racetrack model suffers from a negative cosmological constant
problem as well as an un-naturalness problem.
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the linear multiplet formalism of superstring effective theory. It was first pointed
out in [8] that the field-theoretical limit of the weakly-coupled heterotic string the-
ory should be described using the linear multiplet formalism rather than the chiral
multiplet formalism.3 On the other hand, there exists a chiral-linear duality between
these two formalisms [9], and therefore in principle these two formalisms should be
equivalent. However, the chiral-linear duality is apt to be very complicated, espe-
cially when full quantum corrections are included. Therefore, there should exist a
formalism where the physics allows a simpler description. It has been argued in
[10, 11] that, according to the above consideration, the linear multiplet formalism
should be the more appropriate formalism.4 Furthermore, our study represents a
concrete realization of this point of view. As we shall see in Chapter 2, in the
linear multiplet formalism the string coupling is the linear multiplet L which is
the natural parametrization of stringy physics. On the other hand, the coupling
of string effective field theory is L/ (1 + f(L)) which is the natural parametriza-
tion of field-theoretical effects; it is modified in the presence of stringy effects f(L).
Therefore, the linear multiplet formalism naturally distinguishes stringy effects from
field-theoretical effects, and it is this feature that enables one to keep track of both
effects within the effective field theory. This advantage of the linear multiplet for-
malism is very crucial to our study where both stringy and field-theoretical non-
perturbative effects are considered. As we will see, stringy non-perturbative effects
do play an important role in stabilizing the string dilaton/moduli and in breaking
supersymmetry via the field-theoretical non-perturbative effects of gaugino conden-
sation [12, 13, 14].
As for the field-theoretical non-perturbative effects, gaugino condensation has
always played a unique role: at low energy, the strong dilaton-Yang-Mills interaction
leads to gaugino condensation which not only breaks supersymmetry spontaneously
3A subtlety associated with the chiral multiplet formalism of gaugino condensation in the past
will be discussed later.
4A more detailed discussion can be found in Section 2.1.
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but also generates a non-perturbative potential which may eventually stabilize the
dilaton5. In the scheme of gaugino condensation the stabilization of string dila-
ton/moduli and the breaking of supersymmetry are therefore unified in the sense
that they are two aspects of a single non-perturbative phenomenon. Furthermore,
gaugino condensation has its own important phenomenological motivations: gaug-
ino condensation occurs in the hidden sector of a generic string model [15, 16]; it
can break supersymmetry at a sufficiently small scale and may induce viable soft
supersymmetry breaking effects in the observable sector through gravity and/or an
anomalous U(1) gauge interaction [17]. However, although gaugino condensation
has been studied since 1982, it still has several long-standing problems in the context
of superstrings. Firstly, superstring phenomenology based on the scheme of gaug-
ino condensation has been long plagued by the infamous dilaton runaway problem
[7, 16]. That is, (assuming that the tree-level Ka¨hler potential of the dilaton is a
good approximation) one generally finds that the supersymmetric vacuum with van-
ishing coupling constant and no gaugino condensation is the only stable minimum in
the weak-coupling regime. Secondly, modular invariance is a very important prop-
erty of the heterotic string, and it should have unique phenomenological predictions.
However, most of the studies of gaugino condensation had neither complete nor cor-
rect treatments of modular invariance. As we shall see, a fully modular invariant
treatment of gaugino condensation has non-trivial phenomenological implications.6
Thirdly, in the past the gaugino condensate has always been described by an un-
5In general there is also matter condensation which generates a non-perturbative potential for
string moduli.
6The unique phenomenological predictions associated with modular invariance will be discussed
in Chapters 4 and 5. As will be explained in Section 4.7, we emphasize that these unique predictions
do not necessarily follow from any framework with modular invariance; in the context of weakly-
coupled heterotic string these predictions are the consequences of both modular invariance and
an appropriate treatment of gaugino condensation. This may explain why these predictions are
absent in those works [18] where modular invariance is correctly incorporated but a constraint on
gaugino condensation (to be discussed below) has not been included.
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constrained chiral superfield U which corresponds to the bound state of WαWα in
the underlying theory. It was pointed out recently that U should be a constrained
chiral superfield [19, 20, 9, 21] due to the constrained superspace geometry of the
underlying Yang-Mills theory:
U = −(Dα˙Dα˙ − 8R)V,
U¯ = −(DαDα − 8R†)V, (1.1)
where V is an unconstrained vector superfield. Fourthly, superstring phenomenol-
ogy based on gaugino condensation suffers from several cosmological problems such
as the cosmological moduli problem [22] and the cosmological bound on the invisible
axion [23]. These cosmological problems either destroy the successful nucleosynthe-
sis or overclose the universe.
These formidable problems might make one think that the weakly-coupled het-
erotic string theory is in grave danger. On the other hand, these problems are not
unrelated to one another because the superstring has a highly constrained and pre-
dictive framework. As we shall see, in fact these problems arise from our poor under-
standing of non-perturbative string dynamics as well as inappropriate/incomplete
treatments of superstring phenomenology in the past. Once we know how to proceed
in the right direction, these problems turn out to be solved or much less serious.
For the first problem, we emphasize the advantage of using the linear multiplet
formalism and show that stringy non-perturbative effects may stabilize the dilaton
at a value compatible with a weak coupling regime [12, 13]. For the second and
the third problems, full modular invariance is ensured through the Green-Schwarz
term and string threshold corrections, and the constraint on the gaugino conden-
sate U is explicitly solved using the linear multiplet formalism [12, 13, 14]. They do
lead to unique predictions of superstring theory about supersymmetry breaking, the
compactification scale, and axion physics7. For example, string moduli are stabi-
7These unique predictions were unknown in the past due to the aforementioned first three
problems.
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lized at the self-dual point, and therefore they do not participate in supersymmetry
breaking because the vev’s of moduli’s F terms vanish [14]. This is certainly a de-
sirable feature in consideration of flavor changing neutral current (FCNC) because
non-vanishing vev’s of moduli’s F terms generically lead to non-universal contri-
butions to the soft supersymmetry breaking parameters.8 In other words, simply
as a consequence of modular invariance and an appropriate treatment of gaugino
condensation, we have a dilaton-dominated scenario of supersymmetry breaking.
Therefore, the weakly-coupled heterotic string offers a rationale for the well-known
dilaton-dominated scenario of supersymmetry breaking in a very elegant way. For
the fourth problem, let’s recall the standard lore of superstring phenomenology
which tells us that, based on a very naive order-of-magnitude estimate, string dila-
ton and moduli gain from supersymmetry breaking masses of order of the gravitino
mass. Since the gravitino mass is of order of the electroweak scale, these small
masses of the dilaton and moduli lead to the cosmological moduli problem. On
the other hand, our model is realistic enough for us to discuss these issues based
on actual computations rather than educated guesses: it turns out that the string
dilaton and moduli are in fact much heavier than the gravitino, which may be suffi-
cient to solve the cosmological moduli problem [25]. Furthermore, the large entropy
produced by the decays of the heavy moduli in our model will dilute the axion
density and therefore raise the cosmological bound on the axion decay constant. As
we shall see, this could solve the cosmological problem of the invisible axion.
Finally, let’s make a brief comment on how the recent development of string
duality might affect the status of weakly-coupled heterotic string theory. There
have been claims in the literature in favor of the strongly-coupled heterotic string
8In contrast, the FCNC could be a serious problem for the strong coupling limit of heterotic
string theory (i.e., M-theory compactified on R10×S1/Z2). As pointed out in [24] recently, in that
case supersymmetry is broken in the 5D bulk; both the supergravity multiplet and the bulk moduli
play the roles of messengers for carrying the effects of supersymmetry breaking to the observable
sector at one of the two boundaries. Therefore, the contribution to the soft supersymmetry
breaking parameters from the bulk moduli is non-universal generally.
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theory by arguing that it is unlikely that the weakly-coupled heterotic string theory
can solve the dilaton runaway problem. However, the recent observation of string
dualities actually implies that the strong coupling limit of heterotic string theory,
which can be described by another weakly-coupled theory (i.e., M-theory compact-
ified on R10×S1/Z2 [26]), is plagued by a similar runaway problem9 [27]. Therefore,
there seem to be only two logical options for solving the runaway problem: either
a truly non-perturbative heterotic string theory which does not allow a weakly-
coupled description, or a weakly-coupled theory (i.e., the weakly-coupled heterotic
string theory or the strong coupling limit of heterotic string theory). So far the first
option remains a very interesting yet remote possibility.10 On the other hand, as for
the second option both the weakly-coupled heterotic string theory and the strong
coupling limit of heterotic string theory certainly deserve further study11. It is first
proposed by T. Banks and M. Dine [7] that significant stringy non-perturbative
effects could stabilize the dilaton. Based on this idea, it is our purpose here to show
that the weakly-coupled heterotic string theory could solve the dilaton runaway
problem as well as lead to a satisfactory phenomenology [25].12
In Chapter 2, a simple string orbifold model with a hidden E8 gauge group and no
hidden matter is used to illustrate the studies of the linear multiplet formalism, the
9For example, one has to worry about the runaway problem associated with the interval, ρ11,
along the 11th dimension. In particular, ρ11 controls supersymmetry breaking, and supersymmetry
is unbroken in the limit ρ11 →∞.
10Some recent attempts at a non-perturbative formulation of heterotic string theory can be
found in [28].
11Although recently there is an argument of coupling unification preferring the strong coupling
limit of heterotic string theory to the weakly-coupled heterotic string theory [29], it involves as-
sumptions that are not true generically. For example, it is assumed in [29] that the compactification
scale, V
−1/6
comp , is of order M
(MSSM)
GUT , where M
(MSSM)
GUT is the grand unification scale of the MSSM.
However, in our model the moduli associated with compactification are stabilized at the self-dual
point, and therefore the argument of [29] is not valid. More details of this discussion can be found
in Section 5.5
12A similar point of view is advocated in [30]. However, among the aforementioned problems of
weakly-coupled heterotic string, only the dilaton runaway problem was treated in [30].
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incorporation of stringy non-perturbative effects, static gaugino condensation, and
the dilaton runaway problem. In Chapter 3, we give the motivations for studying
dynamical gaugino condensation, and then show that static gaugino condensation
is indeed the appropriate low-energy effective description of dynamical gaugino con-
densation. In Chapter 4, we extend our previous studies to a generic string orbifold
model. The resulting model is generic and realistic enough, and we are therefore
in a position to address several important phenomenological issues. In Chapter 5,
we discuss phenomenological issues such as the dilaton and moduli masses, axion
physics, soft supersymmetry breaking parameters, gauge coupling unification, as
well as cosmological issues.
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Chapter 2
The Stringy Story of Gaugino
Condensation
10
2.1 Introduction
Constructing a realistic scheme of supersymmetry breaking is one of the big
challenges to supersymmetry phenomenology. However, in the context of super-
string phenomenology, there are actually more challenges. As is well known, a very
powerful feature of superstring phenomenology is that all the parameters of the
model are in principle dynamically determined by the vev’s of certain fields. One
of these important fields is the string dilaton whose vev determines the gauge cou-
pling constants. On the other hand, how the dilaton is stabilized is outside the
reach of perturbation theory since the dilaton’s potential remains flat to all order in
perturbation theory according to the non-renormalization theorem. Therefore, un-
derstanding how the dilaton is stabilized (i.e., how the gauge coupling constants are
determined) is of no less significance than understanding how supersymmetry is bro-
ken. Gaugino condensation has been playing a unique role in these issues: Gaugino
condensation not only breaks supersymmetry but also generates a non-perturbative
dilaton potential which may eventually stabilize the dilaton. Furthermore, gaugino
condensation has its own important phenomenological motivations [15, 16, 17]. Un-
fortunately, this beautiful scheme of gaugino condensation has been long plagued
by the infamous dilaton runaway problem [7, 16]. (The recent observation of string
dualities further implies that the strong-coupling regime is plagued by a similar run-
away problem [27].) Only a few solutions to the dilaton runaway problem have been
proposed. Assuming the scenario of two or more gaugino condensates, the racetrack
model stabilizes the dilaton and breaks supersymmetry with a more complicated
dilaton superpotential generated by multiple gaugino condensation [3]. However,
stabilization of the dilaton in the racetrack model requires a delicate cancellation
between the contributions from different gaugino condensates, which is not very
natural. Furthermore, it has a large and negative cosmological constant when su-
persymmetry is broken. The other solutions generically require the presence of an
additional source of supersymmetry breaking (e.g., a constant term in the superpo-
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tential) [16, 31]. It is therefore fair to say that there is no satisfactory solution so
far.
Recently, there have been several new developments and insights in superstring
phenomenology. It is our purpose to show that these new ingredients play impor-
tant roles in the above issues and can eventually lead to a promising solution. One
of these new ingredients is the linear multiplet formalism of superstring effective
theories [8, 10, 11]: Among the massless string modes, a real scalar (dilaton), an
antisymmetric tensor field (the Kalb-Ramond field) and their supersymmetric part-
ners can be described either by a chiral superfield S or by a linear multiplet L,
which is known as the chiral-linear duality [32]. By definition, the linear multiplet
L is a vector superfield that satisfies the following constraints [32]:
− (Dα˙Dα˙ − 8R)L = 0,
−(DαDα − 8R†)L = 0. (2.1)
The lowest component of L is the dilaton field ℓ, and its vev is related to the gauge
coupling constant as follows1: g2(Ms) = 2〈 ℓ 〉, where Ms is the string scale [33, 34].
Although the chiral-linear duality is obvious at tree level, it becomes obscure when
quantum effects are included. Although scalar-2-form field strength duality, which
is contained in chiral-linear duality, has been shown to be preserved in perturbation
theory [35], the situation is less clear in the presence of non-perturbative effects,
which are important in the study of gaugino condensation. It has recently been
shown [19, 9] that gaugino condensation can be formulated directly using a linear
multiplet for the dilaton. Although a formal equivalence between the chiral and
linear multiplet formalisms has been shown [9], the content of the resulting chiral-
linear duality transformation is in general very complicated. If there is an elegant
description of gaugino condensates in the context of superstring effective theories,
it may be simple in only one of these formalisms, but not in both. Therefore, a
1However, as we shall see in Section 2.2.2, this identification of gauge coupling constant in
terms of 〈 ℓ 〉 will be modified in the presence of stringy non-perturbative effects [4].
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pertinent issue is: which formalism is better? Here we will construct the effective
theory of gaugino condensation directly in the linear multiplet formalism without
referring to the chiral multiplet formalism. There is reason to believe that the linear
multiplet formalism is in fact more appropriate. The stringy reason for choosing
the linear multiplet formalism is that the precise field content of the linear multi-
plet appears in the massless string spectrum, and 〈L〉 plays the role of string loop
expansion parameter. Therefore, string information is more naturally encoded in
the linear multiplet formalism of string effective theory. Furthermore, as we will see
in Chapter 2, stringy effects are believed to be important in the stabilization of the
dilaton and supersymmetry breaking by gaugino condensation; therefore, it is more
appropriate to study these issues in the linear multiplet formalism.
The other new ingredient concerns the effective description of gaugino conden-
sation. In the known models of gaugino condensation using the chiral superfield
representation for the dilaton, the gaugino condensate has always been described
by an unconstrained chiral superfield U which corresponds to the bound state of
WαWα in the underlying theory. It was pointed out recently that U should be
a constrained chiral superfield [19, 20, 9, 21] due to the constrained superspace
geometry of the underlying Yang-Mills theory:
U = −(Dα˙Dα˙ − 8R)V,
U¯ = −(DαDα − 8R†)V, (2.2)
where V is an unconstrained vector superfield. Furthermore, in the linear multiplet
formalism the linear multiplet L and the constrained U , U¯ nicely merge into an
unconstrained vector superfield V [19], and therefore the effective Lagrangian can
elegantly be described by V alone.
The third new ingredient is the stringy non-perturbative effect conjectured by
S.H. Shenker [4]. It is further argued in [7] that the Ka¨hler potential can in principle
receive significant stringy non-perturbative corrections although the superpotential
cannot generically. Significant stringy non-perturbative corrections to the Ka¨hler
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potential imply that the usual dilaton runaway picture is valid only in the weak-
coupling regime; as pointed out in [7], these corrections may naturally stabilize the
dilaton.2
In the next section we describe the linear multiplet formalism of string effec-
tive Yang-Mills theory, whose effective theory below the condensation scale is con-
structed and analyzed in Section 2.3. It is then shown in Section 2.4 that su-
persymmetry is broken and the dilaton is stabilized in a large class of models of
static gaugino condensation. Here we use the Ka¨hler superspace formulation [36] of
supergravity, suitably extended to incorporate the linear multiplet [37].
2.2 The Linear Multiplet Formalism
2.2.1 Effective Yang-Mills Theory from Superstring
In the realm of superstring effective Yang-Mills theory, there are two important
ingredients, namely, the symmetry group of modular transformations and the linear
multiplet. In order to make the discussion as explicit as possible in this chapter, we
consider here orbifolds with gauge group3 E8⊗E6⊗U(1)2, which have been studied
most extensively in the context of modular symmetries [33, 34, 38]. They contain
three untwisted (1,1) moduli T I , I = 1, 2, 3, which transform under SL(2,Z) as
follows:
T I → aT
I − ib
icT I + d
, ad− bc = 1, a, b, c, d ∈ Z. (2.3)
2Choosing a specific form for possible non-perturbative corrections to the Ka¨hler potential, [30]
has discussed the possibility of stabilizing the dilaton in a model of gaugino condensation using
chiral superfield representation for the dilaton. However, neither the issue of modular anomaly
cancellation nor the constraint (2.2) was taken into account. As will be discussed in Section 4.7,
these two issues are essential to string phenomenology.
3As for phenomenological consideration, it is more desirable to discuss a generic orbifold. Such
a non-trivial generalization will be made in Chapter 4.
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The corresponding Ka¨hler potential is
G =
∑
I
gI +
∑
A
exp(
∑
I
qIAg
I)|ΦA|2 + O(|Φ|4), (2.4)
where gI = − ln(T I + T¯ I), and the modular weights qIA depend on the particular
matter field ΦA as well as on the modulus T I . However, it is well known that the
effective theory obtained from the massless truncation of superstring is not invariant
under the modular transformations (2.3) at one loop [39, 40]. Counterterms, that
correspond to the result of integrating out massive modes, have to be added to the
effective theory in order to restore modular invariance since string theory is known
to be modular invariant to all orders of the loop expansion [41]. Two types of such
counterterms have been discussed in the literature [33, 38, 40], the so-called f -type
counterterms (i.e., string threshold corrections) and the Green-Schwarz countert-
erm. The Green-Schwarz counterterm, which is analogous to the Green-Schwarz
anomaly cancellation mechanism in D=10, is naturally implemented with the lin-
ear multiplet formalism [32]. In Chapters 2 and 3 we consider only those orbifolds
in which the full modular anomaly is cancelled by the Green-Schwarz countert-
erm alone (i.e., orbifolds with universal modular anomaly cancellation), and more
generic orbifolds with both types of counterterms present will be considered in
Chapter 4. Indeed, an orbifold has universal modular anomaly cancellation unless
its modulus T I corresponds to an internal plane which is left invariant under some
orbifold group transformations, which may happen only if an N=2 supersymmetric
twisted sector is present [42]. Therefore, a large class of orbifolds, including the Z3
and Z7 orbifolds, is under consideration in this chapter.
The antisymmetric tensor field of superstring theories undergoes Yang-Mills
gauge transformations. In the effective theory, it can be incorporated into a gauge
invariant vector superfield L, the so-called modified linear multiplet, coupled to the
Yang-Mills degrees of freedom as follows:
− (Dα˙Dα˙ − 8R)L = (Dα˙Dα˙ − 8R)Ω =
∑
a
Tr(WαWα)a,
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−(DαDα − 8R†)L = (DαDα − 8R†)Ω =
∑
a
Tr(Wα˙W α˙)a, (2.5)
where Ω is the Yang-Mills Chern-Simons superform. The summation extends over
the indices a numbering simple subgroups of the full gauge group. The modified lin-
ear multiplet L contains the linear multiplet as well as the Chern-Simons superform,
and its gauge invariance is ensured by imposing appropriate transformation proper-
ties for the linear multiplet. The generic lagrangian describing the linear multiplet
coupled to supergravity and matter in the presence of Yang-Mills Chern-Simons
superform is [33]:
K = lnL + g(L) + G,
L =
∫
d4θ E {−2 + f(L) } +
∫
d4θ E { bL∑
I
gI }, (2.6)
b =
C
8π2
=
2
3
b0, (2.7)
where L is the modified linear multiplet and C = 30 is the Casimir operator in
the adjoint representation of E8. b0 is the E8 one-loop β-function coefficient. The
first term of L is the superspace integral which yields the kinetic actions for the
linear multiplet, supergravity, matter and Yang-Mills fields. The second term in
(2.6) is the Green-Schwarz counterterm, which is “minimal” in the sense of [33].
Furthermore, arbitrariness in the two functions g(L) and f(L) is reduced by the re-
quirement that the Einstein term in L be canonical. Under this constraint, g(L) and
f(L) are related to each other by the following first-order differential equation [37]:
L
dg(L)
dL
= −Ldf(L)
dL
+ f(L), (2.8)
The complete component lagrangian of (2.6) with the tree-level Ka¨hler potential
(i.e., g(L) = 0 and f(L) = 0) has been presented in [10] based on the Ka¨hler
superspace formulation. Similar studies have also been performed in the supercon-
formal formulation of supergravity [8, 11]. In the following, we are interested in the
effective lagrangian of (2.6) below the condensation scale.
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2.2.2 Stringy Effects versus Field-Theoretical Effects
In this section we would like to illustrate how stringy effects are naturally
incorporated with the superstring effective field theory using the linear multiplet
formalism. Consider again the effective field theory defined at the string scale Ms.
The quantum corrections, g(L) and f(L), to the tree-level Ka¨hler potential of (2.6)
are naturally interpreted as stringy effects. Indeed, in the context of superstring
L plays the role of string loop expansion parameter (i.e., the string coupling), and
therefore stringy effects are naturally parametrized by L. Although perturbative
contributions to g(L) and f(L) are generically small, yet, as first pointed out by
Shenker [4], there can be significant stringy non-perturbative contributions. It is
then interesting to ask how the usual relation between the dilaton ℓ and the gauge
coupling constant of the effective field theory, g2(Ms) = 2〈 ℓ 〉, might get modified in
the presence of stringy effects? It is straightforward to compute the gauge coupling
constant at the string scale, g(Ms), defined by the effective field theory (2.6) as
follows:
g2(Ms) =
〈
2ℓ
1 + f(ℓ)
〉
. (2.9)
Indeed, the presence of stringy effects do affect the usual interpretation of the gauge
coupling constant of the effective field theory in terms of the string dilaton. More
precisely, the linear multiplet formalism naturally distinguishes stringy effects from
field-theoretical effects; that is, ℓ is the natural parametrization of stringy effects and
〈 2ℓ/ (1 + f(ℓ)) 〉 is on the other hand the natural parametrization of field-theoretical
effects. Therefore, in the linear multiplet formalism of superstring effective field
theory it is much easier to keep track of both stringy and field-theoretical effects.
As mentioned before, this unique feature of linear multiplet formalism is crucial to
our study here, since stringy non-perturbative effects do play an important role in
the stringy story of gaugino condensation.
On the other hand, in the chiral multiplet formalism where the string dilaton
is described by a chiral superfield S chiral superfield (s = S|θ=θ¯=0), S has to be
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re-defined order by order in perturbation, which is clear from the perturbative
chiral-linear duality. Furthermore, in the chiral multiplet formalism there is no
clear distinction between stringy effects and field-theoretical effects; more precisely,
we always have from the chiral multiplet formalism of the superstring effective field
theory g2(Ms) = 〈 2/(s+ s¯) 〉 even when stringy effects are included. One may also
derive this result by a duality transformation from the linear multiplet formalism
(2.6) to the corresponding chiral multiplet formalism of (2.6). It has been shown
[33] that 1/(S+ S¯) corresponds to L/(1+ f) through this duality transformation,
and therefore the interpretations of g2(Ms) in both formalisms are consistent with
each other. In conclusion, we emphasize the advantage of using the linear multiplet
formalism over the chiral multiplet formalism in telling the stringy story of gaugino
condensation.4 More evidence of this advantage will be discovered in the following
sections.
2.2.3 Low-Energy Effective Degrees of Freedom
Below the condensation scale at which the gauge interaction becomes strong,
the effective lagrangian of the Yang-Mills sector can be described by a composite
chiral superfield U , which corresponds to the chiral superfield Tr(WαWα) of the un-
derlying theory. (We consider here gaugino condensation of a simple gauge group.)
The scalar component of U is naturally interpreted as the gaugino condensate. It
was pointed out only recently that the composite field U is actually a constrained
chiral superfield [20, 9, 21]. The constraint on U can be seen most clearly through
the constrained superspace geometry of the underlying Yang-Mills theory. As a
consequence of this constrained geometry, the chiral superfield Tr(WαWα) and its
4We emphasize that, in consideration of the chiral-linear duality shown in [9], in principle
the linear multiplet formalism should be equivalent to the constrained chiral multiplet formalism.
However, as discussed in Section 2.1, the chiral-linear duality is apt to be very complicated,
especially when the full quantum corrections are included; therefore, there should exist a formalism
where the physics allows a simpler description.
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hermitian conjugate Tr(Wα˙W α˙) satisfy the following constraint:
(DαDα−24R†)Tr(WαWα) − (Dα˙Dα˙−24R)Tr(Wα˙W α˙) = total derivative. (2.10)
(2.10) has a natural interpretation in the context of a 3-form supermultiplet, and
indeed Tr(WαWα) can be interpreted as the degrees of freedom of the 3-form field
strength [43]. The explicit solution to the constraint (2.10) has been presented in
[21], and it allows us to identify the constrained chiral superfield Tr(WαWα) with
the chiral projection of an unconstrained vector superfield L:
Tr(WαWα) = −(Dα˙Dα˙ − 8R)L,
Tr(Wα˙W α˙) = −(DαDα − 8R†)L. (2.11)
Below the condensation scale, the constraint (2.10) is replaced by the following
constraint on U and U¯ :
(DαDα − 24R†)U − (Dα˙Dα˙ − 24R)U¯ = total derivative. (2.12)
Similarly, the solution to (2.12) allows us to identify the constrained chiral superfield
U with the chiral projection of an unconstrained vector superfield V :
U = −(Dα˙Dα˙ − 8R)V,
U¯ = −(DαDα − 8R†)V. (2.13)
(2.13) is the explicit constraint on U and U¯ .
In fact, the constraint on U and U¯ enters the linear multiplet formalism of gaug-
ino condensation very naturally. As described in Section 2.2.1, the linear multiplet
formalism of supersymmetric Yang-Mills theory is described by a gauge-invariant
vector superfield L which satisfies
− (Dα˙Dα˙ − 8R)L = (Dα˙Dα˙ − 8R)Ω = Tr(WαWα),
−(DαDα − 8R†)L = (DαDα − 8R†)Ω = Tr(Wα˙W α˙). (2.14)
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For the linear multiplet formalism of the superstring effective lagrangian below the
condensation scale, (2.14) is replaced by
− (Dα˙Dα˙ − 8R)V = U,
−(DαDα − 8R†)V = U¯ , (2.15)
where U is the gaugino condensate chiral superfield, and V contains the linear
multiplet as well as the “fossil” Chern-Simons superform. In view of (2.15), it is clear
that the constraint on U and U¯ arises naturally in the linear multiplet formalism
of gaugino condensation. Furthermore, the low-energy degrees of freedom (i.e., the
linear multiplet and the gaugino condensate) are nicely merged into a single vector
superfield V , and therefore the linear multiplet formalism of gaugino condensation
can elegantly be described by V alone in the context of superstring. The detailed
construction of the effective lagrangian for the vector superfield V will be presented
in the next section.
2.3 Gaugino Condensation in Superstring Theory
2.3.1 A Simple Model
Constructing the linear multiplet formalism of gaugino condensation requires
the specification of two functions of the vector superfield V , namely, the super-
potential and the Ka¨hler potential. In the linear multiplet formalism, there is no
classical superpotential [20], and the quantum superpotential originates from the
non-perturbative effects of gaugino condensation. This non-perturbative superpo-
tential, whose form was dictated by the anomaly structure of the underlying theory,
was first obtained by Veneziano and Yankielowicz [44, 45, 46, 47]. The details of
its generalization to the case of matter coupled to N=1 supergravity in the Ka¨hler
superspace formulation has been presented in [48], and the superpotential term in
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the Lagrangian reads:
∫
d4θ
E
R
eK/2WV Y =
∫
d4θ
E
R
1
8
bU ln(e−K/2U/µ3),∫
d4θ
E
R†
eK/2W¯V Y =
∫
d4θ
E
R†
1
8
bU¯ ln(e−K/2U¯/µ3), (2.16)
where U = −(Dα˙Dα˙−8R)V is the constrained gaugino condensate chiral superfield
with Ka¨hler weight 2, and µ is a constant with dimension of mass that is left
undetermined by the method of anomaly matching.
As for the Ka¨hler potential for V , there is little knowledge beyond tree level.
The best we can do at present is to treat all physically reasonable Ka¨hler potentials
on the same footing and to look for possible general features and/or interesting
special cases. In particular, we are interested in a specific class of Ka¨hler potentials
where there are significant stringy non-perturbative corrections as pointed out in
[4, 7]. Before discussing this general analysis, it is instructive to examine a simple
yet un-realistic linear multiplet model for gaugino condensation defined as follows
[20]:
K = lnV + G,
Leff =
∫
d4θ E {−2 + bV G } +
∫
d4θ
E
R
eK/2WV Y +
∫
d4θ
E
R†
eK/2W¯V Y ,
G = −∑
I
ln(T I + T¯ I). (2.17)
This simple model describes the effective theory for (2.6) below the condensation
scale, where the Ka¨hler potential of V assumes its tree-level form. It is a “static”
model of gaugino condensation in the sense that no kinetic term for U is included.
From the viewpoint of the anomaly structure, static as well as dynamical models
of gaugino condensation are interesting in their own right. However, as will be
discussed in Chapter 3, dynamical models rather than static models generically
occur in the context of superstrings. Dynamical models of gaugino condensation
in the linear multiplet formalism [19, 9] have been studied less extensively. On the
other hand, as will also be shown in Chapter 3, after integrating out the heavy
modes the static model of gaugino condensation is proven to be the appropriate
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effective description for the dynamical model5. Therefore, in Chapter 2 we will
concentrate on static models of gaugino condensation, and there will be no loss of
generality.
With U = −(Dα˙Dα˙ − 8R)V and U¯ = −(DαDα − 8R†)V , we can rewrite the
superpotential terms of Leff as a single D term by superspace partial integration.
For example, for any chiral superfield X of zero Ka¨hler weight:
1
8
∫
d4θ
E
R
Ua lnX + h.c. =
∫
d4θ EVa ln(XX¯)
−∂m
(∫
d4θ
E lnX
8R
Dα˙VaEα˙m + h.c.
)
, (2.18)
where Eα˙m is an element of the supervielbein, and the total derivative on the right
hand side contains the chiral anomaly (∝ ∂mBm ≃ F amnF˜mna ) of the F term on the
left hand side. Therefore, up to a total derivative, the simple model (2.17) can be
rewritten as follows:
K = lnV + G,
Leff =
∫
d4θ E {−2 + bV G + bV ln(e−KU¯U/µ6) }. (2.19)
In (2.19), the modular anomaly cancellation by the Green-Schwarz counterterm is
transparent [20]. The Green-Schwarz counterterm bV G and the superpotential D
term bV ln(e−KU¯U/µ6) are not modular invariant separately, but their sum is mod-
ular invariant, which ensures the modular invariance of the full theory. In fact, the
Green-Schwarz counterterm cancels the T I moduli-dependence of the superpoten-
tial completely. This is a unique feature of the linear multiplet formalism, and, as
we will see later, has interesting implications for the moduli-dependence of physical
quantities.
Throughout this paper only the bosonic and gravitino parts of the component la-
grangian are presented, since we are interested in the vacuum configuration and the
5Unlike studies using the chiral multiplet formalism in the past, proving such a connection
between static and dynamical gaugino condensation is much more non-trivial in the linear multiplet
formalism with the constraint on U incorporated consistently.
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gravitino mass. In the following, we enumerate the definitions of bosonic component
fields of the vector superfield V .
ℓ = V |θ=θ¯=0,
σmαα˙Bm =
1
2
[Dα,Dα˙ ]V |θ=θ¯=0 +
2
3
ℓσaαα˙ba,
u = U |θ=θ¯=0 = −(D¯2 − 8R)V |θ=θ¯=0,
u¯ = U¯ |θ=θ¯=0 = −(D2 − 8R†)V |θ=θ¯=0,
D =
1
8
Dβ(D¯2 − 8R)DβV |θ=θ¯=0
=
1
8
Dβ˙(D2 − 8R†)Dβ˙V |θ=θ¯=0, (2.20)
where
− 1
6
M = R|θ=θ¯=0, −
1
6
M¯ = R†|θ=θ¯=0, −
1
3
ba = Ga|θ=θ¯=0 (2.21)
are the auxiliary components of supergravity multiplet. It is convenient to write
the lowest components of D2U and D¯2U¯ as follows:
− 4FU = D2U |θ=θ¯=0, −4F¯U¯ = D¯2U¯ |θ=θ¯=0. (2.22)
(FU − F¯U¯) can be explicitly expressed as follows:
(FU − F¯U¯) = 4i∇mBm + uM¯ − u¯M. (2.23)
The expression for (FU+F¯U¯) contains the auxiliary fieldD. The bosonic components
of T I and T¯ I are
tI = T I |θ=θ¯=0, −4F I = D2T I |θ=θ¯=0,
t¯I = T¯ I |θ=θ¯=0, −4F¯ I = D¯2T¯ I |θ=θ¯=0. (2.24)
We leave the details of constructing the component lagrangian for this simple model
(in the Ka¨hler superspace formulation) to Section 2.3.2, and present here only the
scalar potential obtained from eliminating the auxiliary fields in the boson La-
grangian given in (2.46) below:
Vpot =
1
16e2ℓ
( 1 + 2bℓ − 2b2ℓ2 )µ6e− 1/bℓ. (2.25)
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Figure 2.1: The scalar potential Vpot (in reduced Planck units) is plotted versus the
dilaton ℓ. µ=1.
Eq. (2.25) agrees with the result obtained in [19], where the model defined by (2.17)
was studied for the case of a single modulus using the superconformal formulation
of supergravity.
However, this simple model is not viable. As expected, the weak-coupling limit
ℓ = 0 is always a minimum. As shown in Fig. 2.1, the scalar potential starts
with Vpot = 0 at ℓ = 0, first rises and then falls without limit as ℓ increases.
Therefore, Vpot is unbounded from below, and this simple model has no well-defined
vacuum. This may be somewhat surprising because the model defined by (2.17)
superficially appears to be of the no-scale type: the Green-Schwarz counterterm,
that destroys the no-scale property of chiral models and destabilizes the potential, is
cancelled here by quantum effects that induce a potential for the condensate. How-
ever the resulting quantum contribution to the Lagrangian (2.19), bV ln(UU¯/V ),
has an implicit T I-dependence through the superfield U due to its nonvanishing
Ka¨hler weight: w(U) = 2. This implicit moduli-dependence is a consequence of the
anomaly matching condition, and parallels the construction of the effective theory
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in the chiral multiplet formalism [44, 45, 46, 47] which is also not of the no-scale
form once the Green-Schwarz counterterm is included.
If we take a closer look at (2.25), it is clear that the unboundedness of Vpot in the
strong-coupling limit ℓ → ∞ is caused by a term of two-loop order: −2b2ℓ2. This
observation strongly suggests that the underlying reason for unboundedness is our
poor control over the model in the strong-coupling regime. The form of the superpo-
tential WV Y is completely fixed by the underlying anomaly structure. However the
Ka¨hler potential is much less constrained, and the choice (2.17) cannot be expected
to be valid in the strong-coupling regime where the non-perturbative contributions
should not be ignored. We conclude that the unboundedness shown in Fig. 2.1
simply reflects the importance of non-perturbative contributions to the Ka¨hler po-
tential. In particular, it is natural to expect that the stringy non-perturbative effects
conjectured by Shenker [4, 7] are the non-perturbative contributions to the Ka¨hler
potential ignored in this simple model. In the absence of a better knowledge of the
exact Ka¨hler potential, we will consider models with generic Ka¨hler potentials in
the following sections.
2.3.2 General Static Model
In this section, we show how to construct the component lagrangian for generic
linear multiplet models of static gaugino condensation in the Ka¨hler superspace
formulation. Further computational details can be found in [10, 36]. Although our
results can probably be rephrased in the chiral multiplet formalism, the equivalent
chiral multiplet formalism are expected to be rather complicated because of the
constraint on the gaugino condensate chiral superfield U . Quite generally we do
not expect a simple ansatz in one formalism to appear simple in the other.
As suggested in Section 2.3.1, we extend the simple model in (2.17) to linear mul-
tiplet models of static gaugino condensation with generic Ka¨hler potentials defined
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as follows:
K = lnV + g(V ) + G,
Leff =
∫
d4θ E { (−2 + f(V ) ) + bV G + bV ln(e−KU¯U/µ6) }. (2.26)
For convenience, we also write lnV + g(V ) ≡ k(V ). g(V ) and f(V ) represent
quantum corrections to the tree-level Ka¨hler potential. Here we have chosen to keep
the Ka¨hler potential under discussion as generic as possible. However, as suggested
by [7], stringy non-perturbative corrections to the Ka¨hler potential are probably the
most important non-perturbative corrections. And, as we have discussed in detail in
Section 2.2.2, such stringy non-perturbative corrections can be nicely parametrized
by g(V ) and f(V ) using the linear multiplet formalism. According to (2.8), g(V ) and
f(V ) are unambiguously related to each other by the following first-order differential
equation:
V
dg(V )
dV
= −V df(V )
dV
+ f, (2.27)
g(V = 0) = 0 and f(V = 0) = 0. (2.28)
The boundary condition of g(V ) and f(V ) at V = 0 (the weak-coupling limit) is
fixed by the tree-level Ka¨hler potential. Before trying to specify g(V ) and f(V ),
it is reasonable to assume for the present that g(V ) and f(V ) are arbitrary but
bounded.
In the construction of the component field lagrangian, we use the chiral density
multiplet method [36], which provides us with the locally supersymmetric gener-
alization of the F term construction in global supersymmetry. The chiral density
multiplet r and its hermitian conjugate r¯ for the generic model in (2.26) are:
r = − 1
8
(D¯2 − 8R){ (−2 + f(V ) ) + bV G + bV ln(e−KU¯U/µ6) },
r¯ = − 1
8
(D2 − 8R†){ (−2 + f(V ) ) + bV G + bV ln(e−KU¯U/µ6) }. (2.29)
In order to obtain the component lagrangian Leff , we need to work out the following
expression
1
e
Leff = − 1
4
D2r|θ=θ¯=0 +
i
2
(ψ¯mσ¯
m)αDαr|θ=θ¯=0
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− (ψ¯mσ¯mnψ¯n + M¯)r|θ=θ¯=0 + h.c. (2.30)
An important point in the computation of (2.30) is the evaluation of the component
field content of the Ka¨hler supercovariant derivatives, a rather tricky process. The
details of this computation have by now become general wisdom and we can to a
large extent rely on the existing literature [49]. In particular, the Lorentz transfor-
mation and the Ka¨hler transformation are incorporated in a very similar way in the
Ka¨hler superspace formulation, and the Lorentz connection as well as the so-called
Ka¨hler connection AM are incorporated into the Ka¨hler supercovariant derivatives
in a concise and constructive way. The Ka¨hler connection AM is not an independent
field but rather expressed in terms of the Ka¨hler potential K as follows:
Aα =
1
4
E Mα ∂MK, Aα˙ = −
1
4
E Mα˙ ∂MK, (2.31)
σaαα˙Aa =
3
2
iσaαα˙Ga −
1
8
i[Dα,Dα˙ ]K. (2.32)
In order to extract the explicit form of the various couplings, we choose to write
out explicitly the vectorial part of the Ka¨hler connection and keep only the Lorentz
connection in the definition of covariant derivatives when we present the component
expressions. In the following, we give the lowest component of the vectorial part of
the Ka¨hler connection Am|θ=θ¯=0 for our generic static model.
Am = e
a
m Aa +
1
2
ψ αm Aα +
1
2
ψ¯mα˙A
α˙. (2.33)
Am|θ=θ¯=0 = −
i
4ℓ
(ℓg
ℓ
+ 1)Bm +
i
6
(ℓg
ℓ
− 2)e am ba
+
∑
I
1
4(tI + t¯I)
(∇mt¯I − ∇mtI). (2.34)
g
ℓ
=
dg(V )
dV
|θ=θ¯=0, gℓℓ =
d2g(V )
dV 2
|θ=θ¯=0,
f
ℓ
=
df(V )
dV
|θ=θ¯=0, fℓℓ =
d2f(V )
dV 2
|θ=θ¯=0. (2.35)
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Another hallmark of the Ka¨hler superspace formulation are the chiral superfield
Xα and the antichiral superfield X¯
α˙. They arise in complete analogy with usual
supersymmetric abelian gauge theory except that now the corresponding vector
superfield is replaced by the Ka¨hler potential:
Xα = − 1
8
(Dα˙Dα˙ − 8R)DαK,
X¯ α˙ = − 1
8
(DαDα − 8R†)Dα˙K. (2.36)
In the computation of (2.30), we need to decompose the lowest components of the
following six superfields: Xα, X¯
α˙, DαR, Dα˙R†, (DαXα +Dα˙X¯ α˙) and (D2R + D¯2R†)
into component fields. This is done by solving the following six simple algebraic
equations:
(V
dg
dV
+ 1)DαR + Xα = Ξα, (2.37)
3DαR + Xα = −2(σcbǫ)αϕT ϕcb . (2.38)
(V
dg
dV
+ 1)Dα˙R† + X¯ α˙ = Ξ¯α˙, (2.39)
3Dα˙R† + X¯ α˙ = −2(σ¯cbǫ)α˙ϕ˙Tcbϕ˙. (2.40)
(V
dg
dV
+ 1)(D2R + D¯2R†) + (DαXα +Dα˙X¯ α˙) = ∆, (2.41)
3(D2R + D¯2R†) + (DαXα +Dα˙X¯ α˙) = −2R baba + 12GaGa
+96RR†. (2.42)
The identities (2.38), (2.40) and (2.42) arise solely from the structure of Ka¨hler
superspace. (2.38) and (2.40) involve the torsion superfields T ϕcb and Tcbϕ˙, which
in their lowest components contain the curl of the Rarita-Schwinger field. The
identities (2.37), (2.39) and (2.41) arise directly from the definitions of Xα, X¯
α˙,
(DαXα + Dα˙X¯ α˙), and therefore they depend on the Ka¨hler potential explicitly.
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Computing Xα, X¯
α˙ and (DαXα + Dα˙X¯ α˙) according to (2.36) defines the contents
of Ξα, Ξ¯
α˙ and ∆ respectively. In the following, we present the component field
expressions of the lowest components of Ξα, Ξ¯
α˙ and ∆.
i
2
(ψ¯mσ¯
m)αΞα|θ=θ¯=0 −
i
2
Ξ¯α˙(σ¯
mψm)
α˙|θ=θ¯=0
= − 1
8ℓ
(ℓg
ℓ
+ 1)( u¯ +
4
3
ℓM¯ )(ψmσ
mnψn)
− 1
8ℓ
(ℓg
ℓ
+ 1)( u +
4
3
ℓM )(ψ¯mσ¯
mnψ¯n)
+
i
4ℓ
(ℓg
ℓ
+ 1)( ηmnηpq − ηmqηnp )(ψ¯mσ¯nψp)∇qℓ
+
i
6
(ℓg
ℓ
+ 1)ǫmnpq(ψ¯mσ¯nψp)e
a
q ba
− i
4ℓ
(ℓg
ℓ
+ 1)ǫmnpq(ψ¯mσ¯nψp)Bq
− 1
4
(DaDαk)ψaα|θ=θ¯=0 −
1
4
ψ¯aα˙(DaDα˙k)|θ=θ¯=0. (2.43)
The way Ξα|θ=θ¯=0 and Ξ¯α˙|θ=θ¯=0 are presented in (2.43) will be useful for the com-
putation of (2.30).
∆|θ=θ¯=0
= − 1
ℓ2
(ℓ2g
ℓℓ
− 1)∇mℓ∇mℓ + 1
ℓ2
(ℓ2g
ℓℓ
− 1)BmBm
+4
∑
I
1
(tI + t¯I)2
∇mt¯I ∇mtI − 4
9
(ℓ2g
ℓℓ
− ℓg
ℓ
− 2)M¯M
+
4
9
(ℓ2g
ℓℓ
+ 2ℓg
ℓ
+ 1)baba − 4
∑
I
1
(tI + t¯I)2
F¯ IF I
− 4
3ℓ
(ℓ2g
ℓℓ
+ ℓg
ℓ
)Bme am ba −
1
2ℓ
(ℓg
ℓ
+ 1)(FU + F¯U¯)
− 1
6ℓ
(2ℓ2g
ℓℓ
− ℓg
ℓ
− 3)( uM¯ + u¯M ) − 1
4ℓ2
(ℓ2g
ℓℓ
− 1)u¯u
+2∇m∇mk − (DaDαk)ψaα|θ=θ¯=0 − ψ¯aα˙(DaDα˙k)|θ=θ¯=0. (2.44)
It is unnecessary to decompose the last two terms in (2.43) and in (2.44) because
they eventually cancel with one another.
Eqs.(2.31–44) describe the key steps involved in the computation of (2.30). The
rest of it is standard and will not be detailed here. In the following, we present
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the component field expression of Leff as the sum of the bosonic part LB and the
gravitino part LG˜ as follows.6
Leff = LB + LG˜. (2.45)
1
e
LB = − 1
2
R − 1
4ℓ2
(1 + ℓg
ℓ
)∇mℓ∇mℓ
+
1
4ℓ2
(ℓg
ℓ
+ 1)BmBm − (1 + bℓ)
∑
I
1
(tI + t¯I)2
∇mt¯I ∇mtI
+
1
9
(ℓg
ℓ
− 2)M¯M − 1
9
(ℓg
ℓ
− 2)baba
+ (1 + bℓ)
∑
I
1
(tI + t¯I)2
F¯ IF I
+
1
8ℓ
{ 1 + f + bℓ ln(e−ku¯u/µ6) + 2bℓ }(FU + F¯U¯)
− 1
8ℓ
{ 1 + f + bℓ ln(e−ku¯u/µ6) + 2
3
bℓ(ℓg
ℓ
+ 1) }( uM¯ + u¯M )
− 1
16ℓ2
(1 + 2bℓ)(1 + ℓg
ℓ
)u¯u
− i
2
b ln(
u¯
u
)∇mBm − i
2
b
∑
I
1
(tI + t¯I)
(∇mt¯I − ∇mtI )Bm. (2.46)
1
e
LG˜ =
1
2
ǫmnpq( ψ¯mσ¯n∇pψq − ψmσn∇pψ¯q )
− 1
8ℓ
{ 1 + f + bℓ ln(e−ku¯u/µ6) } u¯ (ψmσmnψn)
− 1
8ℓ
{ 1 + f + bℓ ln(e−ku¯u/µ6) } u (ψ¯mσ¯mnψ¯n)
− 1
4
(1 + bℓ)
∑
I
1
(tI + t¯I)
ǫmnpq(ψ¯mσ¯nψp)(∇q t¯I − ∇qtI )
+
i
4ℓ
(1 + bℓ)(1 + ℓg
ℓ
)( ηmnηpq − ηmqηnp )(ψ¯mσ¯nψp)∇qℓ
− i
4
bℓ( ηmnηpq − ηmqηnp )(ψ¯mσ¯nψp)∇q ln(u¯u)
+
1
4
bℓ ǫmnpq(ψ¯mσ¯nψp)∇q ln( u¯
u
). (2.47)
6Only the bosonic and gravitino parts of the component field expressions are presented here.
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For completeness, we also give the definitions of covariant derivatives:
∇mℓ = ∂mℓ, ∇mtI = ∂mtI , ∇mt¯I = ∂mt¯I ,
∇mψ αn = ∂mψ αn + ψ βn ω αmβ , ∇mψ¯nα˙ = ∂mψ¯nα˙ + ψ¯nβ˙ ω β˙m α˙. (2.48)
To proceed further, we need to eliminate the auxiliary fields from Leff through
their equations of motion. The equation of motion of the auxiliary field (FU + F¯U¯)
is
f + 1 + bℓ ln(e−ku¯u/µ6) + 2bℓ = 0. (2.49)
Eq. (2.49) implies that in static models of gaugino condensation the auxiliary field
u¯u is expressed in terms of dilaton ℓ. The equations of motion of F I , F¯ I and the
auxiliary fields ba, M , M¯ of the supergravity multiplet are (if ℓg
ℓ
− 2 6= 0)
F I = 0, F¯ I = 0,
ba = 0,
M =
3
4
bu, M¯ =
3
4
bu¯. (2.50)
Now we are left with only one auxiliary field to eliminate, where this auxiliary field
can be either i ln(u¯/u) or Bm. This corresponds to the fact that there are two ways
to perform duality transformation. If we take i ln(u¯/u) to be auxiliary, its equation
of motion is
∇q{Bq − i
2
ℓ ǫmnpq(ψ¯mσ¯nψp) } = 0, (2.51)
which ensures that {Bq − i
2
ℓ ǫmnpq(ψ¯mσ¯nψp)} is dual to the field strength of an
antisymmetric tensor [19]. The term BmBm in the lagrangian Leff thus generates a
kinetic term of this antisymmetric tensor field and its coupling to the gravitino. The
other way to perform the duality transformation is to treat Bm as an auxiliary field
by rewriting the term − i
2
b ln(u¯/u)∇mBm in Leff as i2bBm∇mln(u¯/u), and then to
eliminate Bm from Leff through its equation of motion as follows:
Bm = − i bℓ
2
(ℓg
ℓ
+ 1)
∇mln( u¯
u
)
+ i
bℓ2
(ℓg
ℓ
+ 1)
∑
I
1
(tI + t¯I)
(∇mt¯I − ∇mtI ). (2.52)
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The terms BmBm and
i
2
bBm∇mln(u¯/u) in Leff will generate a kinetic term for
i ln(u¯/u). It is clear that i ln(u¯/u) plays the role of the pseudoscalar dual to Bm
in the lagrangian obtained from the above after a duality transformation. With
(2.49–52), it is then trivial to eliminate the auxiliary fields from Leff . The physics
of Leff will be investigated in the following sections.
2.3.3 Gaugino Condensate and the Gravitino Mass
Hidden-sector gaugino condensation has been a very attractive scheme [15, 16]
for supersymmetry breaking in the context of superstring. However, before we can
make any progress in superstring phenomenology, two important questions must
be answered: is the dilaton stabilized, and is supersymmetry broken? Past analy-
ses have generally found that, in the absence of a second source of supersymmetry
breaking, the dilaton is destabilized in the direction of vanishing gauge coupling
constant (the so-called runaway dilaton problem) and supersymmetry is unbroken.
To address the above questions in generic linear multiplet models of gaugino con-
densation, we first show how the three issues of supersymmetry breaking, gaugino
condensation and dilaton stabilization are reformulated, and how they are interre-
lated, by examining the explicit expressions for the gravitino mass and the gaugino
condensate. A detailed investigation of the vacuum will be presented in Section 2.4.
The explicit expression for the gaugino condensate in terms of the dilaton ℓ is
determined by (2.49):
u¯u =
1
e2
ℓµ6eg− (f+1)/bℓ. (2.53)
With g(ℓ)=0 and f(ℓ)=0, we recover the result of the simple model (2.17) [19]. For
generic models, the dilaton dependence of the gaugino condensate involves g(ℓ) and
f(ℓ) which represent stringy non-perturbative corrections to the tree-level Ka¨hler
potential. Recall that in the linear multiplet formalism the gauge coupling of the
superstring effective field theory is g2(Ms) = 〈 2ℓ/ (1 + f(ℓ)) 〉. Therefore, it is easy
to see that the dependence on the gauge coupling constant g(Ms) of the gaugino
32
condensate is indeed consistent with the usual results obtained by the renormal-
ization group equation arguments. According to our assumption of boundedness
for g(ℓ) and f(ℓ) (especially at ℓ =0 where following (2.28) we have the boundary
conditions g(ℓ = 0)=0 and f(ℓ = 0)=0), ℓ=0 is the only pole of g − (f + 1)/bℓ.
Therefore, we can draw a simple and clear relation between 〈u¯u〉 and 〈 ℓ 〉: gauginos
condense (i.e., 〈u¯u〉 6= 0) if and only if the dilaton is stabilized (i.e., 〈 ℓ 〉 6= 0.) Note
that this conclusion does not depend on the details of the quantum corrections g
and f .
Another physical quantity of interest is the gravitino mass mG˜ which is the
natural order parameter measuring supersymmetry breaking. The expression for
mG˜ follows directly from LG˜.
mG˜ =
1
4
b
√
〈u¯u〉, (2.54)
where we have used (2.49). This expression for the gravitino mass is simple and
elegant even for generic linear multiplet models of static gaugino condensation.
From the viewpoint of superstring effective theories, an interesting feature of (2.54)
is that the gravitino mass mG˜ contains no explicit dependence on the modulus
T I , which provides a direct relation between mG˜ and 〈u¯u〉. This feature can be
traced to the fact that the Green-Schwarz counterterm cancels the T I dependence
of the superpotential completely, a unique feature of the linear multiplet formal-
ism. As we will see in Section 4.5, this unique feature is still true even in a generic
string orbifold model. We recall that in the chiral multiplet formalism of gaugino
condensation – without the condition (2.12) – that have been studied previously
(with or without the Green-Schwarz cancellation mechanism), mG˜ always involves
a moduli-dependence, and therefore the relation between supersymmetry breaking
(i.e., mG˜ 6= 0) and gaugino condensation (i.e., 〈u¯u〉 6= 0) remains undetermined un-
til the true vacuum can be found. By contrast, in generic linear multiplet models of
gaugino condensation, there is a simple and direct relation, Eq.(2.54): supersymme-
try is broken (i.e., mG˜ 6= 0) if and only if gaugino condensation occurs (〈u¯u〉 6= 0).
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We wish to emphasize that the above features of the linear multiplet model are
unique in the sense that they are simple only in the linear multiplet model. This is
related to the fact pointed out in Sections 2.1 and 2.2.3 that, once the constraint
(2.12) on the condensate field U is imposed, the chiral counterpart of the linear
multiplet model is in general very complicated, and it is more natural to work in
the linear multiplet formalism. Our conclusion of this section is best illustrated by
the following diagram:
Supersymmetry
Breaking ⇐⇒
Gaugino
Condensation ⇐⇒
Stabilized
Dilaton
The equivalence among the above three issues is obvious. Therefore, in the
following section, we only need to focus on one of the three issues in the investigation
of the vacuum, for example, the issue of dilaton stabilization.
2.4 Supersymmetry Breaking and Stabilization of
the Dilaton
As argued in Section 2.3.1, non-perturbative contributions to the Ka¨hler po-
tential should be introduced to cure the unboundedness problem of the simple model
(2.17). In the context of the generic model of static gaugino condensation (2.26), it
is therefore interesting to address the question as to how the simple model (2.17)
should be modified in order to obtain a viable theory (i.e., with Vpot bounded from
below). We start with the scalar potential Vpot arising from (2.46) after solving for
the auxiliary fields (using (2.49), (2.50) and (2.52)). Recalling that (2.27) yields the
identity 1 + ℓg
ℓ
= 1 + f − ℓf
ℓ
, we obtain
Vpot =
1
16e2ℓ
{ (1 + f − ℓf
ℓ
)(1 + bℓ)2 − 3b2ℓ2 }µ6eg− (1+f)/bℓ, (2.55)
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which depends only on the dilaton ℓ. The necessary and sufficient condition for Vpot
to be bounded from below is
f − ℓf
ℓ
≥ −O(ℓe1/bℓ) for ℓ → 0, (2.56)
f − ℓf
ℓ
≥ 2 for ℓ → ∞. (2.57)
It is clear that condition (2.56) is not at all restrictive, and therefore has no nontriv-
ial implication. On the contrary, condition (2.57) is quite restrictive; in particular
the simple model (2.17) violates this condition. Condition (2.57) not only restricts
the possible forms of the function f in the strong-coupling regime but also has im-
portant implications for dilaton stabilization and for supersymmetry breaking. To
make the above statement more precise, let us revisit the unbounded potential of
Fig. 2.1, with the tree-level Ka¨hler potential defined by g(V ) = f(V ) = 0. Adding
physically reasonable corrections g(V ) and f(V ) (constrained by (2.56–57)) to this
simple model should not qualitatively alter its behavior in the weak-coupling regime.
Therefore, as in Fig. 2.1, the potential of the modified model in the weak-coupling
regime starts with Vpot = 0 at ℓ = 0, first rises and then falls as ℓ increases. On the
other hand, adding g(V ) and f(V ) completely alters the strong-coupling behavior
of the original simple model. As guaranteed by condition (2.57), the potential of
the modified model in the strong-coupling regime is always bounded from below,
and in most cases rises as ℓ increases. Joining the weak-coupling behavior of the
modified model to its strong-coupling behavior therefore strongly suggests that its
potential has a non-trivial minimum (at ℓ 6= 0). Furthermore, if this non-trivial
minimum is global, then the dilaton is stabilized. We conclude that not only does
(2.56–57) tell us how to modify the theory, but a large class of theories so mod-
ified have naturally a stabilized dilaton (and therefore broken supersymmetry by
the argument of Section 2.3.3). In view of the fact that there is currently little
knowledge of the exact Ka¨hler potential, the above conclusion, which applies to
generic Ka¨hler potentials subject to (2.56–57), is especially important to the search
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for supersymmetry breaking and dilaton stabilization7. As discussed in Sections
2.1 and 2.2.2, the most interesting physical implication of this conclusion is that
it is actually stringy non-perturbative effects that stabilize the dilaton and allow
dynamical supersymmetry breaking via the field-theoretical non-perturbative effect
of gaugino condensation. Furthermore, (2.57) can be interpreted as the necessary
condition for stringy non-perturbative effects to stabilize the dilaton.8
Here we use a simple example only to illustrate the above important argument.
A more detailed discussion of possible stringy non-perturbative corrections will be
given in Chapters 4 and 5 where a generic and phenomenologically viable model
is presented. Consider f(V ) = Ae−B/V , where A and B are constants to be
determined by the non-perturbative dynamics. The regulation conditions (2.56–57)
require A ≥ 2. In Fig. 2.2, Vpot is plotted versus the dilaton ℓ, where A = 6.92,
B = 1 and µ=1. Fig. 2.2 has two important features. Firstly, Vpot of this modified
theory is indeed bounded from below, and the dilaton is stabilized. Therefore,
we obtain supersymmetry breaking, gaugino condensation and dilaton stabilization
in this example. The gravitino mass is mG˜ = 7.6 × 10−5 in reduced Planck units.
Secondly, the vev of dilaton is stabilized at the phenomenologically interesting range
(〈 ℓ 〉 = 0.45 in Fig. 2.2). The above features involve no unnaturalness since they
are insensitive to A. Furthermore, the dilaton is naturally stabilized in a weak
coupling regime if B is of order one. Fig. 2.2 is a nice realization of the argument
in the preceding paragraph. It should be contrasted with the racetrack model
where at least three gaugino condensates and large numerical coefficients are needed
in order to achieve similar results. Besides, the racetrack model has a serious
phenomenological problem of having a large negative cosmological constant. We can
also consider possible stringy non-perturbative contributions to the Ka¨hler potential
7Similar points of view was advocated in [30] using the chiral multiplet formalism. However,
neither modular invariance nor the important constraint (2.12) was considered in [30].
8In the presence of significant stringy non-perturbative effects, (2.57) could have implications
for gauge coupling unification. This is considered in the study of multi-gaugino and matter con-
densation [14].
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Figure 2.2: The scalar potential Vpot (in reduced Planck units) is plotted versus the
dilaton ℓ. A = 6.92, B = 1 and µ=1.
suggested in [4]. It turns out that we obtain the same general features as those of
Fig. 2.2. This is not surprising since, as argued in the preceding paragraph, the
important features that we find in Fig. 2.2 are common to a large class of models.
More such discussions will be presented in Chapters 4 and 5 in conjunction with
other issues.
Note that the value of the cosmological constant is irrelevant to the arguments
presented here and in Section 2.3.3. In other words, the generic model (2.26) suffers
from the usual cosmological constant problem, although we can find a fine-tuned
subset of models whose cosmological constants vanish. For example, the cosmolog-
ical constant of Fig. 2.2 vanishes by fine tuning A. It remains an open question
as to whether or not the cosmological constant problem could be resolved within
the context of the linear multiplet formalism of gaugino condensation if the exact
Ka¨hler potential were known.
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2.5 Concluding Remarks
We have presented a concrete example of a solution to the infamous runaway
dilaton problem, within the context of local supersymmetry and the linear multiplet
formalism for the string dilaton. We considered models for a static condensate that
reflect the modular anomaly of the effective field theory while respecting the exact
modular invariance of the underlying string theory. The simplest such model [19, 20]
has a nontrivial potential that is, however, unbounded in the direction of strong cou-
pling. Including stringy non-perturbative corrections [4, 7] to the Ka¨hler potential
for the dilaton, the potential is stabilized, allowing a vacuum configuration in which
condensation occurs and supersymmetry is broken. This is in contrast to previous
analyses, based on the chiral multiplet formalism for the dilaton, in which supersym-
metry breaking with a bounded vacuum energy was achieved only by introducing
an additional source of supersymmetry breaking, such as a constant term in the
superpotential [16, 31, 48].
In further contrast to most of the models studied using the chiral multiplet
formalism, supersymmetry breaking arises from a nonvanishing vacuum expecta-
tion value of the auxiliary field associated with the dilaton rather than the moduli:
roughly speaking, in the dual chiral multiplet formalism, 〈FS〉 6= 0 rather than
〈F I〉 6= 0. That is, only the dilaton participates in supersymmetry breaking (the
so-called dilaton-dominated scenario.) As we shall see in Chapter 4, this unique
feature is in fact true in generic string orbifold models, which therefore has non-
trivial implications for FCNC. As a consequence, gaugino masses and A terms are
generated at tree level. Although scalar masses are still protected at tree level by
a Heisenberg symmetry [50], they will be generated at one loop by renormalizable
interactions9. For the model considered here, the hierarchy (about five orders of
magnitude) between the Planck scale and the gravitino mass is insufficient to ac-
9The situation is more complicated in a generic orbifold model, and will be discussed in
Chapter 5.
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count for the observed scale of electroweak symmetry breaking. Of course, this
is completely due to the large gauge content of the hidden E8 gauge group un-
der consideration in this chapter, and will certainly be improved when a generic
string model with a product of smaller hidden gauge groups G = ΠaGa. In that
case, we will have to generalize the studies of this chapter by considering multiple
gaugino condensation as well as hidden matter condensation. Another unsatisfac-
tory feature of the model presented in Chapter 2 is that, according to (2.55), the
moduli T I remain flat directions of the scalar potential, and therefore the vev of
tI is undetermined. Fortunately, this is a feature belonging only to string models
with hidden E8 gauge group and no hidden matter. As we shall see in Chapter 4,
in a generic string model where multiple gaugino condensation as well as hidden
matter condensation occurs naturally, hidden matter condensation together with
string threshold corrections10 generates a non-perturbative potential for the moduli
T I . Furthermore, the moduli are therefore stabilized at the self-dual point. The
generalization of our formalism to generic string orbifold models, including models
without universal anomaly cancellation, will be presented in Chapter 4.
As mentioned before, we have only dealt with generic models of static gaugino
condensation in this chapter, but in the context of supergravity or superstrings it
can be shown that models of dynamical gaugino condensation rather than mod-
els of static gaugino condensation occur. Therefore, in the next chapter we will
answer two questions: first, we show how to construct generic models of dynami-
cal gaugino condensation using the linear multiplet formalism. Secondly, we study
how the models of dynamical gaugino condensation are connected to the models
of static gaugino condensation, and show that static gaugino condensation is in-
deed the appropriate effective description of dynamical gaugino condensation and
therefore justify the use of static gaugino condensation in Chapter 2. Notice that
the Kalb-Ramond field (or the model-independent axion, in the dual description)
remains massless in the static models considered here. It has recently been shown
10Both are required by modular invariance.
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in the context of global supersymmetry [9, 19] that an axion mass term is naturally
generated in models of dynamical gaugino condensation. Again, as we shall see in
Chapter 3, one of the axions does get a very large mass through dynamical gaug-
ino condensation in the context of local supersymmetry. On the other hand, after
this very heavy axion is integrated out, the resulting axion content is in fact the
same as that of static gaugino condensation, and we are still left with a massless
model-independent axion. Furthermore, we will show in Chapters 4 and 5 that this
model-independent axion axion will pick up a very small mass through multiple
gaugino condensation. It can escape the cosmological bound on the axion decay
constant and it has the desirable properties to be the candidate for the QCD axion.
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Chapter 3
Dynamical Gaugino Condensation
41
3.1 Introduction
In Chapter 2, we have studied models of static gaugino condensation using
the linear multiplet formalism. As mentioned before, one of the major motivations
for studying models of dynamical gaugino condensation is the observation that
kinetic terms of the gaugino condensate naturally arise from field-theoretical loop
corrections [20] as well as from classical string corrections [51]. For example, the
relevant field-theoretical one-loop correction has been computed using the chiral
multiplet formalism [20, 52]:
Lone−loop ∋ NG
128π2
∫
d4θ E (S + S¯)2 (WαWα) (Wα˙W α˙) ln Λ2, (3.1)
where Λ is the effective cut-off and NG is the number of gauge degrees of freedom.
Therefore, the confined theory using the linear multiplet formalism should contain
a term which corresponds to (3.1):
Leff ∋
∫
d4θ E
U¯U
V 2
, (3.2)
as well as higher-order corrections
(
U¯U/V 2
)2
,
(
U¯U/V 2
)3
, · · · . These D terms
are corrections to the Ka¨hler potential, and will generate the kinetic terms for the
gaugino condensate U . An interesting interpretation of these corrections is that
they are S-duality invariant in the sense defined by Gaillard and Zumino [53]. This
S-duality, which is an SL(2,R) symmetry among elementary fields, is a symmetry
of the equations of motion only of the dilaton-gauge-gravity sector in the limit of
vanishing gauge coupling constants. The implication of this S-duality for gaugino
condensation has recently been studied in [20] using the chiral multiplet formalism.
For studies of gaugino condensation in the past where the important constraint
(2.12) was not included, the connection between static and dynamical gaugino con-
densation is very easy to see and trivial: static gaugino condensation is just the
low-energy limit of dynamical gaugino condensation after the gaugino condensate is
integrated out. However, it certainly becomes a non-trivial issue once the constraint
(2.12) is included, and it is necessary to settle this issue in order to justify the use of
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static gaugino condensation in the context of superstrings or supergravity. There-
fore, in this chapter we would like to study generic models of dynamical gaugino
condensation. In Section 3.2, the field component Lagrangian for the generic model
of dynamical gaugino condensation is constructed, and its vacuum structure is an-
alyzed. In Section 3.3, the S-dual models of dynamical gaugino condensation are
studied. In particular, we show that the model of static gaugino condensation is the
appropriate effective description for the model of dynamical gaugino condensation
and its implications.
3.2 Generic Model of Dynamical Gaugino Con-
densation
It will be shown in this section how to construct the component field La-
grangian for the generic model of dynamical gaugino condensation using the Ka¨hler
superspace formulation of supergravity [36, 37]. Similar to Chapter 2, we consider
here string orbifold models with gauge groups E8⊗E6⊗U(1)2, three untwisted (1,1)
moduli T I (I = 1, 2, 3) [33, 34, 38], and universal modular anomaly cancellation
[42] (e.g., the Z3 and Z7 orbifolds). The confined E8 hidden sector is described by
the following generic model of a single dynamical gaugino condensate U with Ka¨hler
potential K:
K = lnV + g(V, U¯U) + G,
Leff =
∫
d4θ E
{ (
−2 + f(V, U¯U)
)
+ bV G
}
+
{ ∫
d4θ
E
R
eK/2WV Y + h.c.
}
,
G = −∑
I
ln(T I + T¯ I), (3.3)
where U = −(Dα˙Dα˙ − 8R)V , U¯ = −(DαDα − 8R†)V. We also write lnV +
g(V, U¯U) ≡ k(V, U¯U). The term
(
−2 + f(V, U¯U)
)
of Leff is the superspace in-
tegral which yields the kinetic actions for the linear multiplet, supergravity, matter,
and gaugino condensate. The term bV G is the Green-Schwarz counterterm [33]
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which cancels the full modular anomaly here. b = C/8π2 = 2b0/3, and C = 30
is the Casimir operator in the adjoint representation of E8. b0 is the E8 one-loop
β-function coefficient. g(V, U¯U) and f(V, U¯U) represent the quantum corrections to
the tree-level Ka¨hler potential. g(V, U¯U) and f(V, U¯U) are taken to be arbitrary
but bounded here. The dynamical model (3.3) is the straightforward generalization
of the static model (2.26) by including the U¯U dependence in the Ka¨hler potential.
Using superspace partial integration (2.18), up to a total derivative we can also
rewrite (3.3) as a single D term:
K = lnV + g(V, U¯U) + G,
Leff =
∫
d4θ E
{ (
−2 + f(V, U¯U)
)
+ bV G + bV ln(e−KU¯U/µ6)
}
. (3.4)
Only the bosonic and gravitino parts of the component field Lagrangian will be
presented here. In the following, for convenience and completeness we enumerate
the definitions of the bosonic component fields:
ℓ = V |θ=θ¯=0,
σmαα˙Bm =
1
2
[Dα,Dα˙ ]V |θ=θ¯=0 +
2
3
ℓσaαα˙ba,
u = U |θ=θ¯=0 = −(D¯2 − 8R)V |θ=θ¯=0,
u¯ = U¯ |θ=θ¯=0 = −(D2 − 8R†)V |θ=θ¯=0,
−4FU = D2U |θ=θ¯=0, −4F¯U¯ = D¯2U¯ |θ=θ¯=0,
D =
1
8
Dβ(D¯2 − 8R)DβV |θ=θ¯=0
=
1
8
Dβ˙(D2 − 8R†)Dβ˙V |θ=θ¯=0,
tI = T I |θ=θ¯=0, −4F I = D2T I |θ=θ¯=0,
t¯I = T¯ I |θ=θ¯=0, −4F¯ I = D¯2T¯ I |θ=θ¯=0, (3.5)
where ba = −3Ga|θ=θ¯=0 , M = −6R|θ=θ¯=0 , M¯ = −6R†|θ=θ¯=0 are the auxiliary
components of the supergravity multiplet. (FU − F¯U¯) can be expressed as follows:
(FU − F¯U¯) = 4i∇mBm + uM¯ − u¯M, (3.6)
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and (FU + F¯U¯) contains the auxiliary field D. We also write Z ≡ U¯U , and its
bosonic component z ≡ Z|θ=θ¯=0 = u¯u .
The construction of component field Lagrangian using chiral density multiplet
method [36] has been detailed in Chapter 2, and therefore only the key steps are
presented here. The chiral density multiplet r and its hermitian conjugate r¯ for the
generic model (3.3) are:
r = − 1
8
(D¯2 − 8R)
{ (
−2 + f(V, U¯U)
)
+ bV G + bV ln(e−KU¯U/µ6)
}
,
r¯ = − 1
8
(D2 − 8R†)
{(
−2 + f(V, U¯U)
)
+ bV G + bV ln(e−KU¯U/µ6)
}
, (3.7)
and the component field Lagrangian Leff is the same as (2.30). The Am|θ=θ¯=0 for
the generic model (3.3) is:
Am|θ=θ¯=0 = −
i
4ℓ
· (1 + ℓgℓ)
(1− zg
z
)
Bm +
i
6
[
(1 + ℓg
ℓ
)
(1− zg
z
)
− 3
]
e am ba
+
1
4(1− zg
z
)
∑
I
1
(tI + t¯I)
(∇mt¯I − ∇mtI)
− zgz
4(1− zg
z
)
∇m ln
(
u¯
u
)
. (3.8)
The following are the simplified notations for partial derivatives of g:
g
ℓ
≡ ∂g(ℓ, z)
∂ℓ
, g
z
≡ ∂g(ℓ, z)
∂z
, (3.9)
and similarly for other functions.
We need to decompose the lowest components of the following six superfields:
Xα, X¯
α˙, DαR, Dα˙R†, (DαXα + Dα˙X¯ α˙) and (D2R + D¯2R†) into component fields,
where
Xα = − 1
8
(Dα˙Dα˙ − 8R)DαK,
X¯ α˙ = − 1
8
(DαDα − 8R†)Dα˙K,
(DαXα +Dα˙X¯ α˙) = − 1
8
D2D¯2K − 1
8
D¯2D2K − Dαα˙Dαα˙K
−Gαα˙ [Dα,Dα˙ ]K + 2R†D¯2K + 2RD2K
− (DαGαα˙ − 2Dα˙R† )Dα˙K
+ (Dα˙Gαα˙ + 2DαR )DαK. (3.10)
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This is done by solving the following six algebraic equations:(
1 + V
∂g
∂V
)
DαR +
(
1− Z ∂g
∂Z
)
Xα = Ξα, (3.11)
3DαR + Xα = −2(σcbǫ)αϕT ϕcb . (3.12)(
1 + V
∂g
∂V
)
Dα˙R† +
(
1− Z ∂g
∂Z
)
X¯ α˙ = Ξ¯α˙, (3.13)
3Dα˙R† + X¯ α˙ = −2(σ¯cbǫ)α˙ϕ˙Tcbϕ˙. (3.14)(
1 + V
∂g
∂V
)
(D2R + D¯2R†) +
(
1− Z ∂g
∂Z
)
(DαXα +Dα˙X¯ α˙) = ∆, (3.15)
3(D2R + D¯2R†) + (DαXα +Dα˙X¯ α˙) = −2R baba + 12GaGa
+96RR†. (3.16)
The computation of (3.10) defines the contents of Ξα, Ξ¯
α˙ and ∆. Eqs. (3.8–16)
describe the key steps in the computations of (2.30). In the following sections,
several important issues of this construction will be discussed.
3.2.1 Canonical Einstein Term
In order to have the correctly normalized Einstein term in Leff , an appropriate
constraint should be imposed on the generic model (3.3). Therefore, it is shown
below how to compute the Einstein term for (3.3). According to (3.3), the following
are those terms in Leff that will contribute to the Einstein term:
1
e
Leff ∋ 1
4
[ 2− f + ℓf
ℓ
− bℓ(1 + ℓg
ℓ
) ] (D2R + D¯2R†)|θ=θ¯=0
+
1
32
[ zf
z
+ bℓ(1 − zg
z
) ]
(
1
u¯
D2D¯2U¯ + 1
u
D¯2D2U
)
|θ=θ¯=0. (3.17)
Note that the terms D2D¯2U¯ and D¯2D2U are related to DαXα and Dα˙X¯ α˙ through
the following identities:
D2D¯2U¯ = 16DaDaU¯ + 64iGaDaU¯ − 48U¯GaGa + 48iU¯DaGa
− 8U¯DαXα + 16R†D¯2U¯ + 8(DαGαα˙)(Dα˙U¯).
D¯2D2U = 16DaDaU − 64iGaDaU − 48UGaGa − 48iUDaGa
− 8UDα˙X¯ α˙ + 16RD2U − 8(Dα˙Gαα˙)(DαU). (3.18)
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The contributions of (D2R+D¯2R†)|θ=θ¯=0 and (DαXα+Dα˙X¯ α˙)|θ=θ¯=0 to the Einstein
term are obtained by solving (3.15–16):
(D2R + D¯2R†)|θ=θ¯=0 ∋ −
2(1− zg
z
)
(2− ℓg
ℓ
− 3zg
z
)
R baba |θ=θ¯=0.
(DαXα +Dα˙X¯ α˙)|θ=θ¯=0 ∋ +
2(1 + ℓg
ℓ
)
(2− ℓg
ℓ
− 3zg
z
)
R baba |θ=θ¯=0. (3.19)
By combining (3.17–19), it is straightforward to show that the Einstein term in
Leff is correctly normalized if and only if the following constraint is imposed:
( 1 + zf
z
)( 1 + ℓg
ℓ
) = ( 1 − zg
z
)( 1 − ℓf
ℓ
+ f ), (3.20)
which is a first-order partial differential equation. From now on, the study of the
generic model (3.3) always assumes the constraint (3.20). (3.20) will be useful in
simplifying the expression of Leff , and it turns out to be convenient to define h as
follows:
h ≡ ( 1 + zfz )
( 1 − zg
z
)
,
=
( 1 − ℓf
ℓ
+ f )
( 1 + ℓg
ℓ
)
. (3.21)
Furthermore, the partial derivatives of h satisfy the following consistency condition:
( h − ℓh
ℓ
)( zg
z
− 1 ) + zh
z
( 1 + ℓg
ℓ
) + 1 = 0. (3.22)
Eqs. (3.21–22) will also be very useful in simplifying the expression of Leff . Notice
that h = 1 for generic models of static gaugino condensation, and (3.20) is reduced
to (2.27). We will show in Section 3.3.2 how to construct physically interesting
solutions for this partial differential equation (3.20).
3.2.2 Component Field Lagrangian with Auxiliary Fields
Once the issue of canonical Einstein term is settled, it is straightforward to
compute Leff according to (3.6–13). The rest of it is standard and will not be
detailed here. Because the component construction of supergravity is well known
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for its complexity, here we try our best to minimize irrelevant details. However,
two important aspects of this construction using the linear multiplet formalism
are worth emphasizing: how to solve the constraint (2.12) and how to perform a
duality transformation for the vector component Bm of V . As we shall see, they have
non-trivial implications for the axions. Therefore, first we present the component
Lagrangian with auxiliary fields, and in the next section we show how to perform
a duality transformation for Bm. In the following, we present the component field
expression of Leff as the sum of the bosonic Lagrangian LB and the gravitino
Lagrangian LG˜.
Leff = LB + LG˜. (3.23)
1
e
LB = − 1
2
R − 1
4ℓ2
(h− ℓh
ℓ
)(1 + ℓg
ℓ
)∇mℓ∇mℓ
+
1
2ℓ
zh
z
(1 + ℓg
ℓ
)∇mln(u¯u)∇mℓ
+
u
4u¯
h
z
·zg
z
(2− zg
z
)
(1− zg
z
)
∇mu¯∇mu¯
− 1
2
h
z
[
(2− zg
z
)
(1− zg
z
)
− zg
z
]
∇mu¯∇mu
+
u¯
4u
h
z
·zg
z
(2− zg
z
)
(1− zg
z
)
∇mu∇mu
− zhz
2(1− zg
z
)
∑
I
1
(tI + t¯I)
(∇mt¯I − ∇mtI )∇mln
(
u¯
u
)
+
zh
z
4(1− zg
z
)
∑
I,J
1
(tI + t¯I)(tJ + t¯J)
∇mt¯I ∇mt¯J
− 1
2
∑
I,J
[
2(h+ bℓ)δIJ +
zh
z
(1− zg
z
)
] ∇mt¯I ∇mtJ
(tI + t¯I)(tJ + t¯J)
+
zh
z
4(1− zg
z
)
∑
I,J
1
(tI + t¯I)(tJ + t¯J)
∇mtI ∇mtJ
+
(2− ℓg
ℓ
− 3zg
z
)
9(1− zg
z
)
baba
+
(1 + ℓg
ℓ
)
4ℓ2(1− zg
z
)
BmBm
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+
i
2ℓ
[
h + bℓ − 1
(1− zg
z
)
]
Bm∇mln
(
u¯
u
)
− i
2ℓ
[
h + bℓ − 1
(1− zg
z
)
]∑
I
(∇mt¯I − ∇mtI )
(tI + t¯I)
Bm
+4h
z
(1− zg
z
)(∇mBm)2
− 2ih
z
[
1 − zg
z
− 1
3
(1 + ℓg
ℓ
)
]
( uM¯ − u¯M )∇mBm
− 1
4
h
z
[
1 − zg
z
− 2
3
(1 + ℓg
ℓ
)
]
( uM¯ − u¯M )2
− 1
9
[ 3 + (ℓh
ℓ
− h)(1 + ℓg
ℓ
) ] M¯M
− 1
8ℓ

 1 + f + bℓ ln(e−ku¯u/µ6)
+ 2
3
(ℓh
ℓ
+ bℓ)(1 + ℓg
ℓ
)

 ( uM¯ + u¯M )
+
1
4
h
z
(1− zg
z
)(FU + F¯U¯)
2
+


1
8ℓ
[
1 + f + bℓ ln(e−ku¯u/µ6)
]
+ 1
4ℓ
(ℓh
ℓ
+ bℓ)(1− zg
z
)
− 1
6
h
z
(1 + ℓg
ℓ
)( uM¯ + u¯M )


(FU + F¯U¯)
+ (h+ bℓ)
∑
I
1
(tI + t¯I)2
F¯ IF I
− 1
16ℓ2
(ℓh
ℓ
+ h+ 2bℓ)(1 + ℓg
ℓ
)u¯u. (3.24)
1
e
LG˜ =
1
2
ǫmnpq( ψ¯mσ¯n∇pψq − ψmσn∇pψ¯q )
− 1
8ℓ
[
1 + f + bℓ ln(e−ku¯u/µ6)
]
u¯ (ψmσ
mnψn)
− 1
8ℓ
[
1 + f + bℓ ln(e−ku¯u/µ6)
]
u (ψ¯mσ¯
mnψ¯n)
− 1
4
(h+ bℓ)
∑
I
1
(tI + t¯I)
ǫmnpq(ψ¯mσ¯nψp)(∇q t¯I − ∇qtI )
+
i
4ℓ
(h+ bℓ)(1 + ℓg
ℓ
)( ηmnηpq − ηmqηnp )(ψ¯mσ¯nψp)∇qℓ
− i
4
[(1− zg
z
)(h+ bℓ)− 1] ( ηmnηpq − ηmqηnp )(ψ¯mσ¯nψp)∇q ln(u¯u)
+
1
4
(h− 1 + bℓ) ǫmnpq(ψ¯mσ¯nψp)∇qln
(
u¯
u
)
. (3.25)
The bosonic Lagrangian LB contains usual auxiliary fields and the vector field
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Bm which is dual to an axion. The details of this duality and the structure of
LB will be discussed in the following sections. The gravitino Lagrangian LG˜ is
in its simplest form. An important physical quantity in LG˜ is the gravitino mass
mG˜ which is the natural order parameter measuring supersymmetry breaking. The
expression of mG˜ follows directly from LG˜:
mG˜ =
〈 ∣∣∣∣ 18ℓ
[
1 + f + bℓ ln(e−ku¯u/µ6)
]
u
∣∣∣∣
〉
. (3.26)
3.2.3 Duality Transformation of Bm
As pointed out in [19, 21], the constraint (2.12) allows us to interpret the
degrees of freedom of U as those of a 3-form supermultiplet, and the vector field Bm
is dual to a 3-form Γnpq. Since a 3-form is dual to a 0-form in four dimensions, Bm
is also dual to a pseudoscalar a. In this section, we show explicitly how to rewrite
the Bm part of LB in terms of the dual description using a. According to (3.24),
the Bm terms in LB are:
1
e
LB ∋ + (1 + ℓgℓ)
4ℓ2(1− zg
z
)
BmBm
+
i
2ℓ
[
h + bℓ − 1
(1− zg
z
)
]
Bm∇mln
(
u¯
u
)
− i
2ℓ
[
h + bℓ − 1
(1− zg
z
)
]∑
I
(∇mt¯I − ∇mtI )
(tI + t¯I)
Bm
− 2ih
z
[
1 − zg
z
− 1
3
(1 + ℓg
ℓ
)
]
( uM¯ − u¯M )∇mBm
+4h
z
(1− zg
z
)(∇mBm)2. (3.27)
They are described by the following generic Lagrangian of Bm:
1
e
LBm = αBmBm + β∇mBm + ζmBm + τ(∇mBm)2. (3.28)
To find the dual description of LBm, consider the following Lagrangian LDual.
1
e
LDual = αBmBm + β∇mBm + ζmBm + a∇mBm − 1
4τ
a2. (3.29)
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In LDual, the auxiliary field a acts like a Lagrangian multiplier, and its equation of
motion is:
a = 2τ∇mBm. (3.30)
Therefore, LBm follows directly from LDual using (3.30). On the other hand, we can
treat the Bm in LDual as auxiliary, and write down the equation of motion for Bm
as follows:
Bm =
1
2α
(∇ma + ∇mβ − ζm ) . (3.31)
Eliminating Bm from LDual through (3.31) and then performing a field re-definition
a ⇒ a− β, we obtain the Lagrangian La of a:
1
e
La = − 1
4α
(∇ma − ζm ) (∇ma − ζm ) − 1
4τ
( a − β )2 . (3.32)
Therefore, La is the dual description of LBm in terms of a which is interpreted
as an axion. Notice that dynamical gaugino condensation naturally generates a
mass term for the axion a which corresponds to the appearance of non-vanishing
(∇mBm)2 in the dual description. The fact that a is massive in dynamical gaugino
condensation has already been observed in [19, 9]. On the other hand, the (∇mBm)2
term vanishes in static gaugino condensation (i.e., h
z
= 0 in (3.27)), and it is found
that the model-independent axion dual to Bm is either massless or very light [12,
14, 19, 9]. This issue of axion mass seems to be a contradiction because we expect
static gaugino condensation to be the appropriate effective description of dynamical
gaugino condensation; the resolution is the following: In comparison with static
gaugino condensation (e.g., [12, 14]), dynamical gaugino condensation contains one
more axionic degree of freedom a, and indeed a is very massive (e.g., compared
to the dilaton mass). As will be shown in Section 3.3.1, after integrating out this
massive axion a, the resulting axionic contents of dynamical gaugino condensation
are identical to those of static gaugino condensation. Therefore, at low energy we
are always left with a massless or very light model-independent axion.
According to (3.27–28) and (3.32), the Leff defined by (3.23–25) is rewritten in
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the dual description as follows:
Leff = Lkin + Lpot + LG˜, (3.33)
where Lkin and Lpot refer to the kinetic part and the non-kinetic part of the bosonic
Lagrangian respectively. LG˜ is defined by (3.25).
1
e
Lkin = − 1
2
R − 1
4ℓ2
(h− ℓh
ℓ
)(1 + ℓg
ℓ
)∇mℓ∇mℓ
− (1− zgz)
(1 + ℓg
ℓ
)
ℓ2∇ma∇ma + 1
2ℓ
zh
z
(1 + ℓg
ℓ
)∇mln(u¯u)∇mℓ
+ i
(1− zg
z
)
(1 + ℓg
ℓ
)
[
h + bℓ − 1
(1− zg
z
)
]
ℓ∇ma∇mln
(
u¯
u
)
− i(1− zgz)
(1 + ℓg
ℓ
)
[
h + bℓ − 1
(1− zg
z
)
]∑
I
(∇mt¯I − ∇mtI )
(tI + t¯I)
ℓ∇ma
+
1
4


zh
z
·zg
z
(2−zgz )
(1−zgz )
+ (1−zgz )
(1+ℓg
ℓ
)
[
h + bℓ − 1
(1−zgz )
]2


1
u¯2
∇mu¯∇mu¯
− 1
2


zh
z
[
(2−zgz )
(1−zgz ) − zgz
]
+ (1−zgz )
(1+ℓg
ℓ
)
[
h + bℓ − 1
(1−zgz )
]2


1
u¯u
∇mu¯∇mu
+
1
4


zh
z
·zg
z
(2−zgz )
(1−zgz )
+ (1−zgz )
(1+ℓg
ℓ
)
[
h + bℓ − 1
(1−zgz )
]2


1
u2
∇mu∇mu
− 1
2


zhz
(1−zgz )
+ (1−zgz )
(1+ℓg
ℓ
)
[
h + bℓ − 1
(1−zgz )
]2


∑
I
(∇mt¯I − ∇mtI )
(tI + t¯I)
∇mln
(
u¯
u
)
+
1
4


zhz
(1−zgz )
+ (1−zgz )
(1+ℓg
ℓ
)
[
h + bℓ − 1
(1−zgz )
]2


∑
I,J
∇mt¯I ∇mt¯J
(tI + t¯I)(tJ + t¯J)
− 1
2
∑
I,J


2(h+ bℓ)δIJ +
zhz
(1−zgz )
+ (1−zgz )
(1+ℓg
ℓ
)
[
h + bℓ − 1
(1−zgz )
]2


∇mt¯I ∇mtJ
(tI + t¯I)(tJ + t¯J)
+
1
4


zhz
(1−zgz )
+ (1−zgz )
(1+ℓg
ℓ
)
[
h + bℓ − 1
(1−zgz )
]2


∑
I,J
∇mtI ∇mtJ
(tI + t¯I)(tJ + t¯J)
. (3.34)
1
e
Lpot = hz(1 + ℓgℓ)
2
36(1− zg
z
)
( uM¯ − u¯M )2
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− 1
9
[ 3 + (ℓh
ℓ
− h)(1 + ℓg
ℓ
) ] M¯M
− 1
8ℓ

 1 + f + bℓ ln(e−ku¯u/µ6)
+ 2
3
(ℓh
ℓ
+ bℓ)(1 + ℓg
ℓ
)

 ( uM¯ + u¯M )
− i
4
[
1 − (1 + ℓgℓ)
3(1− zg
z
)
]
a( uM¯ − u¯M )
+
1
4
h
z
(1− zg
z
)(FU + F¯U¯)
2
+


1
8ℓ
[
1 + f + bℓ ln(e−ku¯u/µ6)
]
+ 1
4ℓ
(ℓh
ℓ
+ bℓ)(1 − zg
z
)
− 1
6
h
z
(1 + ℓg
ℓ
)( uM¯ + u¯M )


(FU + F¯U¯)
+ (h+ bℓ)
∑
I
1
(tI + t¯I)2
F¯ IF I
− 1
16ℓ2
(ℓh
ℓ
+ h+ 2bℓ)(1 + ℓg
ℓ
)u¯u
− u¯u
16zh
z
(1− zg
z
)
a2. (3.35)
The baba term has been eliminated by its equation of motion, b
a = 0, and Lkin is
in its simplest form. Note that the kinetic terms of those axionic degrees of freedom
a, i ln(u¯/u) and i(t¯I − tI) are more complicated, which essentially reflects the non-
trivial constraint (2.12) satisfied by U and U¯ . An important issue is the structure
of Lpot, and it will be discussed in the next section.
3.2.4 The Scalar Potential
It is straightforward to solve the equations of motion for the auxiliary fields
ba, F I , F¯ I , M , M¯ and (FU + F¯U¯) respectively as follows:
ba = 0,
F I = 0, F¯ I = 0,
M = − 3
8ℓ
[
1 + f + bℓ ln(e−ku¯u/µ6)
]
u − 3iu
4
a,
M¯ = − 3
8ℓ
[
1 + f + bℓ ln(e−ku¯u/µ6)
]
u¯ +
3iu¯
4
a,
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(FU + F¯U¯) =
(ℓh
ℓ
− h)
4zh
z
[
1 + f + bℓ ln(e−ku¯u/µ6)
] u¯u
ℓ
− (ℓhℓ + bℓ)
2zh
z
· u¯u
ℓ
. (3.36)
Note that 〈 |M | 〉 = 3mG˜ because 〈 a 〉 = 0 always. To obtain the scalar potential,
the auxiliary fields are eliminated from Leff defined by (3.33), and Leff is then
rewritten as follows:
1
e
Leff = 1
e
Lkin − Vpot + 1
e
LG˜, (3.37)
where Vpot is the scalar potential. Lkin and LG˜ are defined by (3.34) and (3.25)
respectively.
Vpot =
1
16
(ℓh
ℓ
+ h+ 2bℓ)(1 + ℓg
ℓ
)
u¯u
ℓ2
+
1
64zh
z
(1− zg
z
)


1 + f + bℓ ln(e−ku¯u/µ6)
+ 2(ℓh
ℓ
+ bℓ)(1− zg
z
)


2
u¯u
ℓ2
− (2− ℓgℓ − 3zgz)
64(1− zg
z
)
[
1 + f + bℓ ln(e−ku¯u/µ6)
]2 u¯u
ℓ2
+
(h− ℓh
ℓ
− 3zh
z
)u¯u
16zh
z
a2. (3.38)
Several interesting aspects of Vpot can be uncovered. Firstly, there is always
a trivial vacuum with 〈 Vpot 〉 = 0 in the specific weak-coupling limit defined as
follows:
ℓ → 0, z → 1
e2
ℓµ6e−1/bℓ → 0, and g(ℓ, z), f(ℓ, z) → 0. (3.39)
Note that quantum corrections to the Ka¨hler potential, g and f , should vanish in
this limit. As expected, this is consistent with the well-known runaway behavior of
the dilaton near the weak-coupling limit.
To proceed further, in the following of this section we only study Vpot in the z ≪
1 regime. Since a physically interesting model of dynamical gaugino condensation
should predict a small scale of condensation (i.e., 〈 z 〉 ≪ 1), there is no loss of
generality in this choice. Note that in the z ≪ 1 regime we have h ≈ 1, ℓh
ℓ
≈ 0,
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zh
z
≈ 0 and zg
z
≈ 0 up to small corrections that depend on z. The structure
of Vpot can be analyzed as follows: The only axion-dependent term in Vpot is the
effective axion mass term, the last term in Vpot. In order to avoid a tachyonic
axion, the sign of the effective axion mass term must be positive. Therefore, the
absence of a tachyonic axion requires zh
z
> 0, which is the first piece of information
about the U¯U -dependence of the dynamical model. Furthermore, 〈 a 〉 = 0 always,
and therefore the last term in Vpot is of no significance in discussing the vacuum
structure. Because of zh
z
> 0, the second term in Vpot is always positive. The
signs of the first term and the third term in Vpot remain undetermined in general;
however, near the weak-coupling limit the first term is positive and the third term is
negative (which is expected because the third term is the contribution of auxiliary
fields M and M¯). Notice that the second term in Vpot contains a factor 1/zhz
(1/zh
z
≫ 1), and therefore it is the dominant contribution to Vpot except near the
path γ defined by
{
1 + f + bℓ ln(e−ku¯u/µ6) + 2(ℓh
ℓ
+ bℓ)(1− zg
z
)
}
= 0. Hence,
the vacuum always sits close to the path γ. This observation will be essential to
the following discussion of vacuum structure.
The second piece of information about the U¯U -dependence of the dynamical
model can be obtained as follows. For 0 < ℓ <∞, the first term and the third term
in Vpot vanish in the limit z → 0 generically. If hz has a pole at z = 0, then the
second term in Vpot also vanishes for z → 0 and 0 < ℓ <∞. Therefore, for those
dynamical models whose h
z
has a pole at z = 0, there exists a continuous family of
degenerate vacua (parametrized by 〈 ℓ 〉) with 〈 z 〉 = 0 (no gaugino condensation),
mG˜ = 0 (unbroken supersymmetry) and 〈Vpot〉 = 0. In other words, in the vicinity
of z = 0 those models always exhibit runaway of z toward the degenerate vacua at
z = 0 which do not have the desired physical features; whether those models may
possess other non-trivial vacuum or not is outside the scope of this simple analysis.
On the other hand, the dynamical models whose h
z
has no pole at z = 0 are
much more interesting. If h
z
has no pole at z = 0, then Vpot →∞ for z → 0 and
0 < ℓ < ∞. Therefore, these dynamical models exhibit no runaway of z toward
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z = 0 except for the weak-coupling limit (3.39). Furthermore, the equation of
motion for z is
1 + f + bℓ ln(e−ku¯u/µ6) + 2(ℓh
ℓ
+ bℓ)(1 − zg
z
) = 0 + O (zh
z
) . (3.40)
Impose (3.40), and from (3.26) we have the gravitino mass mG˜ =
1
4
b〈 |u| 〉 +
O
(
z3/2h
z
)
. To the lowest order, it is identical to the mG˜ of static gaugino conden-
sation, (2.54); therefore, similar to Section 2.3 we can argue that supersymmetry is
broken if and only if the dilaton is stabilized for dynamical gaugino condensation. In
fact, for dynamical models whose h
z
has no pole at z = 0, it can be shown that they
are effectively described by static gaugino condensation of Chapter 2. As pointed
out in Section 3.1, kinetic terms of the gaugino condensate U naturally arise in
generic string models, where these terms are S-duality invariant and correspond to
corrections U¯U/V 2,
(
U¯U/V 2
)2
, · · · to the Ka¨hler potential. This interesting class
of S-dual dynamical gaugino condensation obviously belongs to dynamical models
whose h
z
has no pole at z = 0 discussed here. In Section 3.3, S-dual dynamical
gaugino condensation will be studied in detail.
3.3 S-Dual Model of Dynamical Gaugino Con-
densation
As discussed in Section 3.1, we consider in this section models of dynamical
gaugino condensation where the kinetic terms for gaugino condensate arise from the
S-dual loop corrections defined by (3.2). More precisely, we consider the following
dynamical model:
K = lnV + g(V,X) + G,
Leff =
∫
d4θ E
{
(−2 + f(V,X) ) + bV G + bV ln(e−KU¯U/µ6)
}
, (3.41)
(
2 +X
∂f
∂X
)(
1− V ∂g
∂V
)
=
(
2−X ∂g
∂X
)(
1− f + V ∂f
∂V
)
. (3.42)
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For convenience, we have written the S-dual combination (U¯U)
1
2/V as a vector
superfield X , and therefore its lowest component x = X|θ=θ¯=0 is x = (u¯u) 12/ℓ =
√
z/ℓ. Eq. (3.42) guarantees the correct normalization of the Einstein term.
g(V,X) and f(V,X) satisfy the boundary condition in the weak-coupling limit
defined by (3.39). We also assume that g(V,X) and f(V,X) have the following
power-series representations1 in terms of X2:
g(V,X) ≡ g(0)(V ) + g(1)(V )·X2 + g(2)(V )·X4 + · · · .
f(V,X) ≡ f (0)(V ) + f (1)(V )·X2 + f (2)(V )·X4 + · · · . (3.43)
Furthermore, g(n)(V ) and f (n)(V ) (n ≥ 0) are assumed to be arbitrary but
bounded here. The interpretation of each term in (3.43) is obvious: As has been
discussed in Section 2.2.2, in the linear multiplet formalism g(0)(V ) and f (0)(V )
are to be identified as stringy (non-perturbative) corrections to the Ka¨hler poten-
tial. g(n)(V )·X2n and f (n)(V )·X2n (n ≥ 1) are therefore S-dual loop corrections
to the Ka¨hler potential in the presence of stringy (non-perturbative) effects.
It is also more convenient to use the coordinates ( ℓ, x ) instead of ( ℓ, z ) for the
field configuration space. The component field expressions constructed in Section
3.2 can easily be rewritten in the new coordinates ( ℓ, x ) according to the following
rules:
ℓg
ℓ
→ ℓg
ℓ
− xg
x
zg
z
→ 1
2
xg
x
, (3.44)
where
g
ℓ
≡ ∂g(ℓ, x)
∂ℓ
, g
x
≡ ∂g(ℓ, x)
∂x
(3.45)
on the right-hand side of (3.44) are to be understood as partial derivatives in the
coordinates ( ℓ, x ). The scalar potential of this generic model follows directly from
1It should be noted that one can actually start with a more generic dynamical model by
considering more generic g(V,X) and f(V,X) , and the discussions of Section 3.3 remain valid.
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(3.38):
Vpot =
1
16
( 1 + ℓg
ℓ
− xg
x
)( h + ℓh
ℓ
− xh
x
+ 2bℓ ) x2
+
1
16xh
x
( 2 − xg
x
)


1 + f + bℓ ln(e−ku¯u/µ6)
+ ( 2 − xg
x
)( ℓh
ℓ
− xh
x
+ bℓ )


2
x2
− ( 4 − 2ℓgℓ − xgx )
64( 2 − xg
x
)
[
1 + f + bℓ ln(e−ku¯u/µ6)
]2
x2
+
( 2h − 2ℓh
ℓ
− xh
x
)u¯u
16xh
x
a2. (3.46)
The kinetic terms also follow directly from (3.34). The absence of a tachyonic axion
requires xh
x
> 0.
3.3.1 Effective Description of Dynamical Gaugino Conden-
sation
As discussed in Section 3.1, one of the major motivations for studying dy-
namical gaugino condensation is to understand how static gaugino condensation
could emerge as the effective description of dynamical gaugino condensation after
all the heavy modes belonging to dynamical gaugino condensation are integrated
out. Unlike studies in the past where the important constraint (2.12) on the gaugino
condensate chiral superfield U is ignored, proving the above connection is certainly
non-trivial. From this point of view, our construction in Section 3.2 can be regarded
as efforts to solve (2.12) in the context of dynamical gaugino condensation using
the linear multiplet formalism, and the above connection is actually obvious after
(2.12) is explicitly solved. In order to make the following discussion as explicit as
possible, in this section we choose to study S-dual dynamical gaugino condensation.
However, we would like to emphasize that our discussion is actually valid for any
dynamical model whose h
z
has no pole at z = 0.
Firstly, the axionic contents of dynamical gaugino condensation are a, i ln(u¯/u)
and i(t¯I − tI). Since a physically interesting model of dynamical gaugino conden-
sation should predict a small scale of condensation (i.e., 〈 x 〉 ≪ 1), it is clear from
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(3.46) that generally the condensate x and the axion a are much heavier than the
other fields, and therefore should be integrated out. It is straightforward to inte-
grate out a and x through their equations of motion: The equation of motion for a
is a = 0. The equation of motion for x is:
1 + f + bℓ ln(e−ku¯u/µ6) + ( 2 − xg
x
)( ℓh
ℓ
− xh
x
+ bℓ ) = 0 + O(x2). (3.47)
(3.47) can be re-written in a more instructive form:
x2 =
µ6
e2ℓ
eg
(0) − (1+f(0))/bℓ + O(x4), (3.48)
where we have used the fact that g ≈ g(0), f ≈ f (0), h ≈ 1, ℓg
ℓ
≈ ℓg(0)
ℓ
, ℓf
ℓ
≈ ℓf (0)
ℓ
,
ℓh
ℓ
≈ 0, xg
x
≈ 0, xf
x
≈ 0 and xh
x
≈ 0 up to corrections of order O(x2). The
(bosonic) effective Lagrangian, Leff = Lkin − eVpot, of the dynamical model
(3.34,46) after integrating out a and x is as follows:
1
e
Lkin = − 1
2
R − 1
4ℓ2
(
1 + ℓg(0)
ℓ
)
∇mℓ∇mℓ
− (1 + bℓ)∑
I
1
(tI + t¯I)2
∇mt¯I ∇mtI + 1
4ℓ2
(
1 + ℓg(0)
ℓ
)
B˜mB˜m
+O(x2), (3.49)
where
B˜m ≡ − i bℓ
2(
1 + ℓg(0)
ℓ
)∇mln( u¯
u
)
+ i
bℓ2(
1 + ℓg(0)
ℓ
) ∑
I
1
(tI + t¯I)
(∇mt¯I − ∇mtI ). (3.50)
Vpot =
1
16e2ℓ
{ (
1 + f (0) − ℓf (0)
ℓ
)
(1 + bℓ)2 − 3b2ℓ2
}
µ6eg
(0)− (1+f(0))/bℓ
+O(x4). (3.51)
Furthermore, (3.42) leads to ℓg(0)
ℓ
= f (0) − ℓf (0)
ℓ
to the lowest order in x2.
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In comparison with static gaugino condensation studied in Chapter 2, it is clear
that the effective Lagrangian of dynamical gaugino condensation after integrating
out the heavy fields are indeed identical to the Lagrangian of the static model,
(2.46), to the lowest order in x2. Note that, in (3.51), the O(x4) terms do not
depend on the remaining axionic degrees of freedom (i.e., i ln(u¯/u) and i(t¯I − tI)),
and therefore these remaining axions are massless as they should be in static gaugino
condensation2 [12]. In conclusion, after integrating out the heavy modes the axions
left in the effective theory of dynamical gaugino condensation are identical to those
of static gaugino condensation. Consistently there is always a massless (or very
light in multiple gaugino condensation [14]) model-independent axion. According
to the equation of motion for x, (3.48), x2 ≪ 1 actually holds for any value of ℓ.
It implies that only the lowest-order terms of (3.49) and (3.51) are important, and,
as we have expected and now prove here, the static model of gaugino condensation
is indeed the appropriate effective description of the dynamical model. This proof
therefore justifies the use of static gaugino condensation in Chapter 2.
This proof also implies that the necessary and sufficient condition for Vpot of
dynamical gaugino condensation to be bounded from below is exactly the same as
that of static gaugino condensation (2.57),
f (0) − ℓf (0)
ℓ
≥ 2 for ℓ → ∞, (3.52)
which depends only on stringy non-perturbative effects g(0) and f (0). (3.52) does
not depend on the details of S-dual loop corrections, and therefore it holds for
generic S-dual dynamical models. Furthermore, (3.52) implies that only stringy non-
perturbative effects are important in stabilizing the dilaton, and therefore allowing
supersymmetry breaking via gaugino condensation. S-dual loop corrections play no
role in this issue, and S-dual loop corrections alone cannot stabilize the dilaton. As
discussed in Section 2.4, (3.52) can also be interpreted as the necessary condition
for the dilaton to be stabilized.
2As pointed out in [14] as well as in Chapter 4 here, these axionic degrees of freedom naturally
acquire different masses in scenarios of multiple gaugino condensation.
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3.3.2 Solving for Dynamical Gaugino Condensation
In the previous section, the dynamical model of gaugino condensation is ana-
lyzed through its effective Lagrangian after integrating out the heavy modes. One
can also analyze the dynamical model directly, and obtain the same conclusion.
Here, we would like to present a typical example of dynamical gaugino condensa-
tion as a concrete supplement to the analysis of Section 3.3.1. Solving for dynamical
gaugino condensation is generically difficult due to the partial differential equation,
(3.20) or (3.42), which guarantees the correct normalization of the Einstein term.
On the other hand, only those solutions of (3.20) which are of physical interest
deserve study. Therefore, in the following we show explicitly how to construct the
solution for the interesting S-dual model of dynamical gaugino condensation de-
fined by (3.41–43). In order to simplify the presentation but leave the generality
of our conclusion unaffected, we choose a specific form for f(V,X) in the following
discussion: f(V,X) = f (0)(V ) + εX2, where ε is a constant and |ε| is in princi-
ple a small number because X-dependent terms arise from loop corrections. In
this restricted solution space, (3.42) together with the boundary condition (3.39)
can be re-expressed as an infinite number of ordinary differential equations with
appropriate boundary conditions (evaluated at θ = θ¯ = 0) as follows:
ℓg(0)
ℓ
= f (0) − ℓf (0)
ℓ
.
ℓg(1)
ℓ
−
(
1− f (0) + ℓf (0)
ℓ
)
g(1) = −ε·ℓg(0)
ℓ
+ 2ε.
ℓg(n)
ℓ
− n
(
1− f (0) + ℓf (0)
ℓ
)
g(n) = −ε·ℓg(n−1)
ℓ
− ε(n− 1)g(n−1),
for n ≥ 2. (3.53)
The associated boundary conditions in the weak-coupling limit are:
g(0)(ℓ = 0) = 0, f (0)(ℓ = 0) = 0,
g(1)(ℓ = 0) = −2ε,
g(n)(ℓ = 0) = − 2
n
εn for n ≥ 2. (3.54)
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Therefore, g(V,X) is unambiguously3 related to f(V,X) in this interesting solution
space.
Firstly, notice that the boundedness of g(n) and f (n) can be guaranteed if (3.52)
is satisfied. Therefore, the solution defined by (3.53–54)4 exists at least for viable
dynamical models in the sense of (3.52). Secondly, g(n) is suppressed by a small
factor |ε|n, which is obvious from (3.53–54). Therefore, the solution defined by
(3.53–54) converges for x2 < O (1/ε). Since a physically interesting model of gaug-
ino condensation should predict a small scale of condensation (i.e., 〈 x2 〉 ≪ 1), this
solution does cover the regime of physical interest.5
(3.52) is the necessary condition for stringy non-perturbative effects to stabi-
lize the dilaton. By looking into the details of the scalar potential, it can also be
argued [12] that stringy non-perturbative corrections to the Ka¨hler potential may
naturally stabilize the dilaton if (3.52) is satisfied. In the following, the solution
defined by (3.53–54) is used to construct a typical realization of this argument.
Furthermore, it is the typical feature of this example rather than the specific form
of g(V,X) and f(V,X) assumed in this example that we want to emphasize. In
Fig. 3.1, the scalar potential Vpot is plotted versus ℓ and x for an example with
f(V,X) = f (0)(V ) + εX2 and f (0)(V ) = A·e−B/V . There is a non-trivial vacuum
with the dilaton stabilized at 〈 ℓ 〉 = 0.52, x stabilized at 〈 x 〉 = 〈√u¯u/ℓ 〉 = 0.0024,
and (fine-tuned) vanishing vacuum energy 〈Vpot 〉 = 0. Supersymmetry is broken
at the vacuum and the gravitino mass mG˜ = 4× 10−4 in reduced Planck units. To
uncover more details of dilaton stabilization in Fig. 3.1, a cross section of Vpot is
presented in Fig. 3.3. More precisely, with the value of ℓ fixed, Vpot is minimized
only with respect to x; the location of this minimum is denoted as (ℓ, xmin(ℓ)).
3In fact, there is one free parameter β involved due to the fact that g(n)
ℓ
(ℓ = 0) is not well-
defined in (4.15); this ambiguity can be parametrized by g(n)
ℓ
(ℓ = 0) = nεn−1β. We take β = 0
here.
4The generalization to generic f(V,X) is straightforward.
5This solution can in principle be extended into the x2 > O (1/ε) regime using the method of
characteristics.
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Figure 3.1: The scalar potential Vpot (in reduced Planck units) is plotted versus ℓ
and x. A = 6.8, B = 1, ε = −0.1 and µ=1. (The rippled surface of Vpot is simply
due to discretization of the ℓ-axis.)
The path defined by (ℓ, xmin(ℓ)) is shown in Fig. 3.2. The cross section of Vpot
is obtained by making a cut along (ℓ, xmin(ℓ)); that is, the cross section of Vpot
is defined as V ′pot(ℓ) ≡ Vpot (ℓ, xmin(ℓ)). Fig. 3.3 shows that the dilaton is indeed
stabilized at 〈 ℓ 〉 = 0.52. Therefore, we have presented a concrete example with
stabilized dilaton, broken supersymmetry, and (fine-tuned) vanishing cosmological
constant. As pointed out in Sections 2.1 and 2.5, this is in contrast with condensate
models studied previously [3, 16, 31] which either need the assistance of an addi-
tional source of supersymmetry breaking or have a large and negative cosmological
constant problem.
3.4 Concluding Remarks
The field component Lagrangian for the linear multiplet formalism of generic
dynamical gaugino condensation is constructed and studied. A major conclusion of
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Figure 3.2: xmin(ℓ) is plotted versus ℓ for Figure 3.1.
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Figure 3.3: The cross section of the scalar potential, V ′pot(ℓ) ≡ Vpot (ℓ, xmin(ℓ)) (in
reduced Planck units), is plotted versus ℓ for Figure 3.1.
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this chapter is that static gaugino condensation is indeed the appropriate effective
description of dynamical gaugino condensation after the heavy modes are integrated
out. Some issues about the axions are also clarified. This justifies our studies in
Chapter 2, and allows us to use static gaugino condensation in constructing more
realistic models in Chapter 4.
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Chapter 4
Gaugino and Matter Condensation
in Generic String Models
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4.1 Introduction
It was recently shown how to formulate gaugino condensation using the linear multi-
plet [8, 32] formalism for the dilaton superfield, both in global supersymmetry [19, 9]
and in the superconformal formulation of supergravity [19]. Using the Ka¨hler su-
perspace formulation of supergravity [36, 37], which we use throughout this study,
it was subsequently shown [20] how to include the Green-Schwarz term for a string
model with a pure Yang-Mills E8 hidden sector. In this case there are no moduli-
dependent threshold corrections and there is a single constant – the E8 Casimir C
– that governs both the Green-Schwarz counterterm and the coupling renormaliza-
tion. This model of gaugino condensation has been studied in detail in Chapters
2 and 3, where it was found that the dilaton can be stabilized at a phenomeno-
logically acceptable value with broken supersymmetry if stringy non-perturbative
corrections [4, 7] to the Ka¨hler potential are included. However, the model studied
in Chapters 2 and 3 has several drawbacks from the viewpoint of phenomenology.
As discussed in Section 2.5, due to the large gauge content of E8 a sufficiently large
gauge hierarchy is not generated. Furthermore, the string moduli T I remain flat
directions. As we have pointed out, these unsatisfactory features belong only to the
specific string model with with a pure Yang-Mills E8 hidden sector, and therefore
are not generic at all. As we will see, in a generic string model the hidden sector
contains a product of smaller gauge groups. Therefore, a large enough gauge hier-
archy could be generated naturally. Furthermore, a generic string model contains
hidden matter, and together with string threshold corrections the hidden matter
condensation lifts the flat directions associated with the moduli.
Consider a generic string model whose hidden sector gauge group is a product
of simple groups: G = ∏a Ga. One immediate difficulty is the following: since we
need to describe several gaugino condensates Ua ≃ Tr(WαWα)a and each gaugino
condensate Ua is constrained by (2.12) separately, therefore according to (2.13) we
need to introduce several vector superfields Va. However, since the theory has a
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single dilaton ℓ, it must be identified with the lowest component of V =
∑
a Va.
What should we do with the other components ℓa = Va|θ=θ¯=0? We will see that,
in our description, these are non-propagating degrees of freedom which actually do
not appear in the Lagrangian. Similarly only one antisymmetric tensor field (also
associated with V =
∑
a Va) is dynamical. This allows us to generalize our approach
to the case of multiple gaugino condensation.
Let us stress that the goal is very different from the so-called “racetrack” ideas [3]
where resorting to multiple gaugino condensation is necessary in order to get super-
symmetry breaking. Here supersymmetry is broken already for a single gaugino con-
densate. Indeed, we will see that the picture which emerges from multiple gaugino
condensation (complete with threshold corrections and Green-Schwarz mechanism)
is very different from the standard “racetrack” description: indeed, the scalar poten-
tial is largely dominant by the condensate with the largest one-loop beta-function
coefficient.
To be more precise, we generalize in this chapter the Lagrangian (2.26) studied
in Chapter 2 to string models with arbitrary hidden sector gauge groups and with
three untwisted (1,1) moduli T I . We take the Ka¨hler potential for the effective
theory at the condensation scale to be:
K = k(V ) +
∑
I
gI , gI = − ln(T I + T¯ I), V =
n∑
a=1
Va, (4.1)
where the Va are vector superfields and n is the number of (asymptotically free)
nonabelian gauge groups Ga in the hidden sector:
Ghidden =
n∏
a=1
Ga ⊗ U(1)m. (4.2)
We will take Ghidden to be a subgroup of E8. In general, there will be hidden matter
associated with the hidden sector gauge groups.
We introduce both gaugino condensate superfields Ua and hidden matter con-
densate superfields Πα that are non-propagating:
Ua ≃ Tr(WαWα)a, Πα ≃
∏
A
(
ΦA
)nAα
, (4.3)
68
where Wa and ΦA are the gauge and matter chiral superfields, respectively. The
matter condensate Πα is a chiral superfield of Ka¨hler weight w = 0, while the
gaugino condensate Ua associated with gauge subgroup Ga is a chiral superfield of
Ka¨hler weight w = 2, and is identified with the chiral projection of Va:
Ua = −(Dα˙Dα˙ − 8R)Va, U¯a = −(DαDα − 8R†)Va. (4.4)
We are thus introducing n scalar fields ℓa = Va|θ=θ¯=0. However only one of these
is physical, namely ℓ =
∑
a ℓa; the others do not appear in the effective component
Lagrangian constructed below.
The effective Lagrangian for multiple gaugino condensation is constructed and
analyzed in Sections 4.2–4.5. In an appendix we discuss a parallel construction using
the chiral supermultiplet representation for the dilaton and unconstrained chiral
supermultiplets for the gaugino condensates in order to illustrate the differences
between the two approaches and the significance of including the constraints (4.4).
4.2 Construction of the Effective Lagrangian
We adopt the following superfield Lagrangian:
Leff = LKE + LGS + Lth + LV Y + Lpot, (4.5)
where
LKE =
∫
d4θ E [−2 + f(V )] , k(V ) = ln V + g(V ), (4.6)
is the kinetic energy term for the dilaton, chiral and gravity superfields. The func-
tions f(V ), g(V ) parameterize stringy nonperturbative effects. According to (2.8),
they are related by the following first-order differential equation:
V
dg(V )
dV
= −V df(V )
dV
+ f, (4.7)
which ensures that the Einstein term has canonical form [12]. In the classical limit
g = f = 0; we therefore impose the boundary condition at the weak-coupling limit:
g(V = 0) = 0 and f(V = 0) = 0. (4.8)
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Two counterterms are introduced to cancel the modular anomaly [33], namely the
Green-Schwarz counterterm [39, 40]:
LGS = b
∫
d4θ EV
∑
I
gI , b =
C
8π2
, (4.9)
and the term induced by string loop corrections [38]:
Lth = −
∑
a,I
bIa
64π2
∫
d4θ
E
R
Ua ln η
2(T I) + h.c.. (4.10)
The parameters
bIa = C − Ca +
∑
A
(
1− 2qAI
)
CAa , C = CE8 , (4.11)
vanish for orbifold compactifications with no N = 2 supersymmetry sector [42].
Here Ca and C
A
a are quadratic Casimir operators in the adjoint and matter repre-
sentations, respectively. qAI are the modular weights of the matter superfields Φ
A
of the underlying hidden sector. The term
LV Y =
∑
a
1
8
∫
d4θ
E
R
Ua
[
b′a ln(e
−K/2Ua/µ
3) +
∑
α
bαa lnΠ
α
]
+ h.c., (4.12)
where µ is a mass parameter naturally of order one in reduced Planck units (which
we will set to unity hereafter), is the generalization to supergravity [45, 46] of
the Veneziano-Yankielowicz superpotential term generated by condensation, includ-
ing [55] the gauge invariant composite matter fields Πα introduced in eq. (4.3) (one
can also take linear combinations of such gauge invariant monomials that have the
same modular weight). Finally
Lpot = 1
2
∫
d4θ
E
R
eK/2W (Πα, T I) + h.c. (4.13)
is a superpotential for the hidden matter condensates Πα that respects the symme-
tries of the superpotential W (ΦA, T I) of the underlying theory.
The coefficients b′a and b
α
a in (4.12) are dictated by the chiral and conformal
anomalies of the underlying field theory. Under modular transformations, we have:
T I → aT
I − ib
icT I + d
, ad− bc = 1, a, b, c, d ∈ Z,
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gI → gI +HI + H¯I , HI = ln(icT I + d),
ΦA → e−
∑
I
HIqA
I ΦA,
λa → e− i2
∑
I
ImHIλa, χ
A → e 12
∑
I
(iImHI−2qA
I
HI)χA, θ → e− i2
∑
I
ImHIθ,
Ua → e−i
∑
I
ImHIUa, Π
α → e−
∑
I
HIqα
I Πα,
qαI =
∑
A
nAαq
A
I . (4.14)
The field-theoretical loop corrections to the effective Yang-Mills Lagrangian from
orbifold compactification have been determined [33, 34] using supersymmetric regu-
larization procedures that ensure a supersymmetric form for the modular anomaly.
Matching the variation under (4.14) of that contribution to the Yang-Mills La-
grangian with the variation of the effective Lagrangian (4.12) we require
δLV Y = − 1
64π2
∑
a,I
∫
d4θ
E
R
Ua

Ca −∑
A,I
CAa
(
1− 2qAI
)HI + h.c., (4.15)
which implies
b′a +
∑
α,A
bαan
A
αq
A
I =
1
8π2
[
Ca −
∑
A
CAa
(
1− 2qAI
)]
∀ I. (4.16)
In the flat space limit where the reduced Planck mass1 M ′P →∞, under a canonical
scale transformation
λ→ e 32σλ, U → e3σU, ΦA → eσΦA, Πα → e
∑
A
nAασΠα, θ → e− 12σθ,
we have the standard trace anomaly as determined by the β-functions:
δLeff = 1
64π2
σ
∑
a
∫
d4θ
E
R
Ua
(
3Ca −
∑
A
CAa
)
+ h.c. +O(M ′−1P ), (4.17)
which requires
3b′a +
∑
α,A
bαan
A
α =
1
8π2
(
3Ca −
∑
A
CAa
)
+O(M ′−1P ). (4.18)
1The reduced Planck mass M ′P =MP /
√
8π, where MP is the Planck mass.
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Eqs. (4.16) and (4.18) are solved by [55] (up to O(M ′−1P ) corrections)
b′a =
1
8π2
(
Ca −
∑
A
CAa
)
,
∑
α,A
bαan
A
αq
A
I =
∑
A
CAa
4π2
qAI ,
∑
α,A
bαan
A
α =
∑
A
CAa
4π2
. (4.19)
Note that the above arguments do not completely fix Leff since we can a priori add
chiral and modular invariant terms of the form:
∆L =∑
a,α
b′aα
∫
d4θEVa ln
(
e
∑
I
qα
I
gIΠαΠ¯α
)
. (4.20)
For specific choices of the b′aα the matter condensates Π
α can be eliminated from
the effective Lagrangian. However the resulting component Lagrangian has a linear
dependence on the unphysical scalar fields ℓa − ℓb, and their equations of motion
impose physically unacceptable constraints on the moduli supermultiplets. To en-
sure that ∆L contains the fields ℓa only through the physical combination ∑a ℓa,
we have to impose b′aα = b
′
α independent of a. If these terms were added, the last
condition in (4.19) would become
∑
α,A
bαan
A
α +
∑
A
b′αn
A
α =
∑
A
CAa
4π2
. (4.21)
We shall not include such terms here.
Combining (4.11) with (4.19) gives bIa = 8π
2 (b− b′a −
∑
α b
α
aq
α
I ). Combining the
terms (4.6)–(4.13) by superspace partial integration (2.18), the “Yang-Mills” part
of the Lagrangian (4.5) can be expressed – up to a total derivatives that we drop
in the subsequent analysis – as a modular invariant D term:
Leff =
∫
d4θ E
(
− 2 + f(V ) +∑
a
Va
{
b′a ln(U¯aUa/e
gV ) +
∑
α
bαa ln
(
Παr Π¯
α
r
)
−∑
I
bIa
8π2
ln
[(
T I + T¯ I
)
|η2(T I)|2
] })
+ Lpot, (4.22)
where
Παr =
∏
A
(ΦAr )
nAα = e
∑
I
qα
I
gI/2Πα, ΦAr = e
∑
I
qA
I
gI/2ΦA, (4.23)
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is a modular invariant field composed of elementary fields that are canonically nor-
malized in the vacuum. The interpretation of this result in terms of renormalization
group running will be discussed below. We have implicitly assumed affine level-one
compactification. The generalization to higher affine levels is trivial.
The construction of the component field Lagrangian obtained from (4.22) paral-
lels that given in Section 2.3.2 for the case G = E8. Since the superfield Lagrangian
is a sum of F terms that contain only spinorial derivatives of the superfield Va, and
the Green-Schwarz and kinetic terms that contain Va only through the sum V , the
unphysical scalars ℓa appear in the component Lagrangian only through the physical
dilaton ℓ. The result for the bosonic Lagrangian is:
1
e
LB = − 1
2
R − (1 + bℓ)∑
I
1
(tI + t¯I)2
(
∂m t¯I ∂mt
I − F¯ IF I
)
− 1
16ℓ2
(1 + ℓg
ℓ
)
[
4 (∂mℓ ∂mℓ− BmBm) + u¯u− 4eK/2ℓ
(
Wu¯+ uW¯
)]
+
1
9
(ℓg
ℓ
− 2)
[
M¯M − bmbm − 3
4
{
M¯
(∑
b
b′bub − 4WeK/2
)
+ h.c.
}]
+
1
8
∑
a
{
f + 1
ℓ
+ b′a ln(e
2−K u¯aua) +
∑
α
bαa ln(π
απ¯α)
+
∑
I
[
bgI − b
I
a
4π2
ln |η(tI)|2
]} (
Fa − uaM¯ + h.c.
)
− 1
16ℓ
∑
a
[
b′a (1 + ℓgℓ) u¯ua − 4ℓua
(∑
α
bαa
F α
πα
+ (b′a − b)
F I
2RetI
)
+ h.c.
]
+
i
2
∑
a
[
b′a ln(
ua
u¯a
) +
∑
α
bαa ln(
πα
π¯α
)
]
∇mBam −
b
2
∑
I
∂mImtI
RetI
Bm,
+
∑
I,a
bIa
16π2
[
ζ(tI)
(
2iBma ∇mtI − uaF I
)
+ h.c.
]
+ eK/2
[∑
I
F I (WI +KIW ) +
∑
α
F αWα + h.c.
]
, (4.24)
where
ζ(t) =
1
η(t)
∂η(t)
∂t
, η(t) = e−πt/12
∞∏
m=1
(
1− e−2mπt
)
,
ℓ = V |θ=θ¯=0,
σmαα˙B
a
m =
1
2
[Dα,Dα˙ ]Va|θ=θ¯=0 +
2
3
ℓaσ
m
αα˙bm, B
m =
∑
a
Bma ,
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ua = Ua|θ=θ¯=0 = −(D¯2 − 8R)Va|θ=θ¯=0, u =
∑
a
ua,
u¯a = U¯a|θ=θ¯=0 = −(D2 − 8R†)Va|θ=θ¯=0, u¯ =
∑
a
u¯a,
−4F a = D2Ua|θ=θ¯=0, −4F¯ a = D¯2U¯a|θ=θ¯=0, FU =
∑
a
F a,
πα = Πα|θ=θ¯=0 π¯α = Π¯α|θ=θ¯=0
−4F α = D2Πα|θ=θ¯=0, −4F¯ α = D¯2Π¯α|θ=θ¯=0,
tI = T I |θ=θ¯=0, −4F I = D2T I |θ=θ¯=0,
t¯I = T¯ I |θ=θ¯=0, −4F¯ I = D¯2T¯ I |θ=θ¯=0, (4.25)
bm and M = (M¯)
† = −6R|θ=θ¯=0 are auxiliary components of the supergravity
multiplet [36]. Notice that ζ(t) defined in (4.25) is related to the Einstein function
Gˆ2(t) [54] as follows: Gˆ2(t) = −π (1 + 4ζ(t)Ret) /Ret. For n = 1, ua = u, etc.,
(4.24) reduces to (2.46) of Section 2.3.2.
The equations of motion for the auxiliary fields bm,M, F
I , F a+ F¯ a and F α give,
respectively:
bm = 0, M =
3
4
(∑
a
b′aua − 4WeK/2
)
,
F I =
RetI
2(1 + bℓ)
{∑
a
u¯a
[
(b− b′a) +
bIa
2π2
ζ(t¯I)RetI
]
− 4eK/2
(
2RetIW¯I − W¯
)}
,
u¯aua =
ℓ
e2
eg− (f+1)/b
′
aℓ−
∑
I
bIag
I/8π2b′a
∏
I
|η(tI)|bIa/2π2b′a ∏
α
(παr π¯
α
r )
−bαa/b′a , παr = Π
α
r |θ=θ¯=0,
0 =
∑
a
bαaua + 4π
αeK/2Wα ∀ α. (4.26)
Using these, the Lagrangian (4.24) reduces to
1
e
LB = − 1
2
R − (1 + bℓ)∑
I
∂mt¯I ∂mt
I
(tI + t¯I)2
− 1
4ℓ2
(1 + ℓg
ℓ
) (∂mℓ ∂mℓ− BmBm)
−∑
a
(
b′aωa +
∑
α
bαaφ
α
)
∇mBam −
b
2
∑
I
∂mImtI
RetI
Bm
+ i
∑
I,a
bIa
8π2
[
ζ(tI)Bma ∇mtI − h.c.
]
− Vpot,
Vpot =
(1 + ℓg
ℓ
)
16ℓ2
{
u¯u+ ℓ
[
u¯
(∑
a
b′aua − 4eK/2W
)
+ h.c.
]}
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+
1
16(1 + bℓ)
∑
I
∣∣∣∣∣
∑
a
ua
(
b− b′a +
bIa
2π2
ζ(tI)RetI
)
− 4eK/2
(
2RetIWI −W
)∣∣∣∣∣
2
+
1
16
(ℓg
ℓ
− 2)
∣∣∣∣∣
∑
b
b′bub − 4WeK/2
∣∣∣∣∣
2
, (4.27)
where we have introduced the notation
ua = ρae
iωa , πα = ηαeiφ
α
, (4.28)
and
2φα = −i ln
(∑
a b
α
auaW¯α∑
a b
α
a u¯aWα
)
if Wα 6= 0. (4.29)
To go further we have to be more specific. Assume2 that for fixed α, bαa 6= 0 for
only one value of a. For example, we allow no representations (n,m) with both n
and m 6= 1 under Ga⊗Gb. Then ua = 0 unless Wα 6= 0 for every α with bαa 6= 0. We
therefore assume that bαa 6= 0 only if Wα 6= 0.
Since the Πα are gauge invariant operators, we may take W linear in Π:
W (Π, T ) =
∑
α
Wα(T )Π
α, Wα(T ) = cα
∏
I
[η(T I)]2(q
α
I
−1), (4.30)
where η(T ) is the Dedekind function. If there are gauge singlets M i with modular
weights qiI , then the constants cα are replaced by modular invariant functions:
cα → wα(M,T ) = cα
∏
i
(M i)n
α
i
∏
I
[η(T I)]2n
α
i
qi
I .
In addition if some M i have gauge invariant couplings to vector-like representations
of the gauge group
W (Φ, T,M) ∋ ciABM iΦAΦB
∏
I
[η(T I)]2(q
A
I
+qB
I
+qi
I
),
one has to introduce condensates ΠAB ≃ ΦAΦB of dimension two, and corresponding
terms in the effective superpotential:
W (Π, T,M) ∋ ciABM iΠAB
∏
I
[η(T I)]2(q
A
I
+qB
I
+qi
I
).
2For, e.g., G = E6 ⊗ SU(3), we take Π ≃ (27)3 of E6 or (3)3 of SU(3).
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Since the M i are unconfined, they cannot be absorbed into the composite fields
Π. The case with only vector-like representations has been considered in [55]. To
simplify the present discussion, we ignore this type of coupling and assume that
the composite operators that are invariant under the gauge symmetry (as well as
possible discrete global symmetries) are at least trilinear in the nonsinglets under
the confined gauge group. We further assume that there are no continuous global
symmetries–such as a flavor SU(N)L⊗SU(N)R whose anomaly structure has to be
considered [55]. With these assumptions the equations of motion (4.26) give, using∑
α b
α
aq
α
I + b
I
a/8π
2 = b− b′a,
ρ2a = e
−2b′a/baeKe−(1+f)/baℓ−b
∑
I
gI/ba
∏
I
|η(tI)|4(b−ba)/ba ∏
α
|bαa/4cα|−2b
α
a/ba ,
παr = −e−
1
2
[k+
∑
I
(1−qα
I
)gI ] b
α
a
4Wα
ua, ba ≡ b′a +
∑
α
bαa . (4.31)
Note that promoting the second equation above to a superfield relation, and sub-
stituting the expression on the right hand side for Π in (4.22) gives
Leff =
∫
d4θ E
(
− 2 + f(V ) +∑
a
Va
{
ba ln(U¯aUa/e
gV )
−∑
α
bαa ln
(
e
∑
I
gI(1−qα
I
) |4Wα/bαa |2
)
−∑
I
bIa
8π2
ln
[(
T I + T¯ I
)
|η2(T I)|2
]})
+ Lpot. (4.32)
It is instructive to compare this result with the effective Yang-Mills Lagrangian
found [33, 34] by matching field-theoretical and string loop calculations. Making
the identifications V → L, Ua → Tr(WαWα)a, the effective Lagrangian at scale µ
obtained from those results can be written as follows:
LYMeff (µ) =
∫
d4θ E
(
− 2 + f(V ) +∑
a
Va
{
1
8π2
(
Ca − 1
3
∑
A
CAa
)
ln
[
M6s g
−4
s
µ6ga(µ)−4
]
− 1
4π2
∑
A
CAa ln
[
g
2
3
s ZA(Ms)/g
2
3
a (µ)ZA(µ)
]
−∑
I
bIa
8π2
ln
[(
T I + T¯ I
)
|η2(T I)|2
] })
, (4.33)
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withM2s ≈ g2s ≈ 2〈 ℓ 〉 (gs ≡ g(Ms)) in the string perturbative limit, f(V ) = g(V ) =
0. The first term in the brackets in (4.32) can be identified with the corresponding
term (4.33) provided
∑
α
bαa =
1
12π2
∑
A
CAa , ba =
1
8π2
(
Ca − 1
3
∑
A
CAa
)
. (4.34)
In fact, this constraint follows from (4.19) if the Πα are all of dimension three,
which is consistent with the fact that only dimension-three operators survive in the
superpotential in the limit M ′P → ∞. Then ba is proportional to the β-function
for Ga, and 〈 ρa 〉 ≈ 〈 |λαaλaα| 〉 has the correct exponential suppression factor for
a small gauge coupling constant as expected by a RGE analysis. In the absence of
(stringy) nonperturbative corrections to the Ka¨hler potential (f(V ) = g(V ) = 0),
2〈 V |θ=θ¯=0〉 = 2〈 ℓ 〉 = g2s = M2s is the string scale in reduced Planck units and also
the gauge coupling at that scale [33, 34]. Therefore, the argument of the logarithm
in (4.33), 〈
U¯aUa
V
〉1/3
≈ 〈 |λ
α
aλaα| 〉2/3
g
2/3
s
=
〈 |λαaλaα| 〉2/3
M2s g
−4/3
s
, (4.35)
gives the exact two-loop result for the coefficient of Ca in the renormalization group
running from the string scale to the appropriate condensation scale [33, 34, 48].
The relation between 〈 πα 〉 and 〈 ua 〉, and hence the appearance of the gaugino
condensate as the effective infra-red cut-off for massless matter loops, is related to
the Konishi anomaly [56]. The matter loop contributions have additional two-loop
corrections involving matter wave-function renormalization [52, 57, 58, 59]:
∂ lnZA(µ)
∂ lnµ2
= − 1
32π2
[
ℓeg
∑
BC
e
∑
I
gI(1−qAI −qBI −qCI )Z−1A (µ)Z
−1
B (µ)Z
−1
C (µ)|WABC |2
−4∑
a
g2a(µ)C
a
2 (RA)
]
+O(g4) +O(Φ2A), (4.36)
where Ca2 (RA) = (dimGa/dimRA)CAa , RA is the representation of Ga on ΦA. The
boundary condition on ZA [33] is ZA(µs) = (1− pAℓ)−1, where pA is the coefficient
of e
∑
I
qA
I
gI |ΦA|2 in the Green-Schwarz counterterm of the underlying theory: V =∑
I g
I + pAe
∑
I
qA
I
gI |ΦA|2 + O(|ΦA|4). The second line of (4.32) can be interpreted
as a rough parameterization of the second line of (4.33).
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In the following analysis, we retain only dimension three operators in the su-
perpotential, and do not include any unconfined matter superfields in the effective
condensate Lagrangian. The potential Vpot takes the form:
Vpot =
1
16ℓ2
∑
a,b
ρaρb cosωabRab(t
I), ωab = ωa − ωb,
Rab = (1 + ℓgℓ) (1 + baℓ) (1 + bbℓ)− 3ℓ2babb +
ℓ2
(1 + bℓ)
∑
I
da(t
I)db(t¯
I),
da(t
I) = b− b′a +
bIa
2π2
ζ(tI)RetI −∑
α
bαa
[
1− 4(qαI − 1)ζ(tI)RetI
]
= (b− ba)
(
1 + 4ζ(tI)RetI
)
= − (b− ba) Ret
I
π
Gˆ2(t
I). (4.37)
Note that da(t
I) ∝ F I ∝ Gˆ2(tI)RetI vanishes at the self-dual point tI = 1, where
ζ(tI) = −1/4, Gˆ2(tI) = 0, η(tI) ≈ 0.77. For RetI >∼ 1 we have, to a very good
approximation, ζ(tI) ≈ −π/12, η(tI) ≈ e−πt/12. Note that also ρa – and hence the
potential Vpot – vanishes in the limits of large and small radii; from (4.31) we have
lim
tI→∞
ρ2a ∼ (2RetI)(b−ba)/bae−π(b−ba)Ret
I/3ba ,
lim
tI→0
ρ2a ∼ (2RetI)(ba−b)/bae−π(b−ba)/3baRet
I
, (4.38)
where the second line follows from the first by the duality invariance of ρ2a. So
there is potentially a “runaway moduli problem”. However, as will be shown in
Section 4.4, the moduli are stabilized at a physically acceptable vacuum, namely
the self-dual point.
4.3 Axion Content of the Effective Theory
Next we consider the axion states of the effective field theory. If all Wα 6= 0, the
equations of motion for ωa obtained from (4.27) read:
∂L
∂ωa
= −b′a∇mBam −
1
2
∑
α,b
bαb
(
bαaua∑
c bαc uc
+ h.c.
)
∇mBbm −
∂Vpot
∂ωa
= 0. (4.39)
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These give, in particular,
∑
a
∂L
∂ωa
= −∑
a
ba∇mBam = 0. (4.40)
The one-forms Bam are a priori dual to 3-forms:
Bam =
1
2
ǫmnpq
(
1
3!4
Γnpqa + ∂
nbpqa
)
, (4.41)
where Γnpqa and b
pq
a are 3-form and 2-form potentials, respectively; (4.41) assures the
constraints (2.10) for Tr(WαWα)→ Ua; explicitly
(DαDα−24R†)Ua − (Dα˙Dα˙−24R)U¯a = −2i∗Φa = −2i
3!
ǫmnpq∂
mΓnpqa = −16i∇mBam.
(4.42)
We obtain
− b′a∗Φa −
1
2
∑
α,b
bαb
(
bαaua∑
c b
α
c uc
+ h.c.
)
∗Φb = 8
∂Vpot
∂ωa
,
∑
a
ba
∗Φa = 0. (4.43)
If Γnpq 6= 0, bpq can be removed by a gauge transformation Γnpq → Γnpq + ∂[nΛpq].
Thus
Bam =
1
2nba
ǫmnpq∂
nb˜pq +
1
3!8
ǫmnpqΓ
npq
a ,
∑
a
baΓ
npq
a = 0, b˜
pq =
∑
a
bab
pq
a , (4.44)
and we have the additional equations of motion:
δ
δb˜pq
LB = 0,
(
1
ba
δ
δΓanpq
− 1
bb
δ
δΓbnpq
)
LB = 0, δ
δφ
LB ≡ ∂LB
∂φ
−∇m
(
∂LB
∂(∇mφ)
)
,
(4.45)
which are equivalent, respectively, to
ǫmnpq
∑
a
1
ba
∇n δ
δBma
LB = 0,
(
1
ba
δ
δBma
− 1
bb
δ
δBmb
)
LB = 0, (4.46)
with
1
e
δ
δBam
LB = (1 + ℓgℓ)
2ℓ2
Bm + b′a∂
mωa +
1
2
∑
α,b
bαa
(
bαb ub∑
c b
α
c uc
+ h.c.
)
∂mωb
+
∑
α
bαa
[
∂mℓ
∂φα
∂ℓ
+
∑
I
(
∂mtI
∂φα
∂tI
+ h.c.
)]
+i
∑
a,I
bIa
8π2
[
ζ(tI)∂mtI − h.c.
]
− b
2
∑
I
∂mImtI
RetI
. (4.47)
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Combining these with (4.39) and the equations of motion for ℓ and tI , one can
eliminate Bam to obtain the equations of motion for an equivalent scalar-axion La-
grangian.
Again, these equations simplify considerably if we assume that for fixed α, bαa 6=
0 for only one value of a. In this case, (4.39) reduces to
∇mBam = −
1
ba
∂V
∂ωa
, (4.48)
and we have
∂φα
∂ℓ
= 0,
∂φα
∂tI
= iζ(tI) (qαI − 1) , (4.49)
if we restrict the potential to terms of dimension three with no gauge singlets M i.
Using
∑
α b
α
a (q
α
I − 1) + bIa/8π2 = b− ba gives:
1
e
δ
δBam
LB = (1 + ℓgℓ)
2ℓ2
Bm + ba∂
mωa + i
∑
I
{
∂mtI
[
ζ(tI) (b− ba) + b
4RetI
]
− h.c.
}
≈ (1 + ℓgℓ)
2ℓ2
Bm + ba∂
mωa +
∑
I
∂mImtI
[
(b− ba) π
6
− b
2RetI
]
, (4.50)
where the last line corresponds to the approximation ζ(tI) ≈ −π/12. In the follow-
ing we illustrate these equations using specific cases.
4.3.1 Single Gaugino Condensate
As we have seen in Section 2.3.2, for the case of a single gaugino condensate there
is an axion ω = ωa + (π/6)(b/ba − 1)∑I ImtI that has no potential, and, setting
Bma =
1
2
ǫmnpq∂nbpq = − 2ℓ
2
(1 + ℓg
ℓ
)
(
ba∂
mω − b
2
∑
I
∂mImtI
RetI
)
, (4.51)
the equations of motion derived from (4.27) are equivalent to those of the effective
bosonic Lagrangian:
1
e
LB = − 1
2
R − (1 + bℓ)∑
I
∂mt¯I ∂mt
I
(tI + t¯I)2
− 1
4ℓ2
(1 + ℓg
ℓ
) ∂mℓ ∂mℓ− V (ℓ, tI , t¯I)
− ℓ
2
(1 + ℓg
ℓ
)
(
ba∂
mω − b
2
∑
I
∂mImtI
RetI
)(
ba∂mω − b
2
∑
I
∂mImt
I
RetI
)
. (4.52)
80
4.3.2 Two Gaugino Condensates: b1 6= b2
Making the approximation η(t) ≈ e−πt/12, the Lagrangian (4.27) can be written as
follows:
1
e
LB = − 1
2
R − (1 + bℓ)∑
I
∂m t¯I ∂mt
I
(tI + t¯I)2
− 1
4ℓ2
(1 + ℓg
ℓ
) (∂mℓ ∂mℓ− BmBm)
−ω∇mB˜m − ω′∇mBm − b
2
∑
I
∂mImtI
RetI
Bm − Vpot, (4.53)
where
ω =
b1ω1 − b2ω2
b1 − b2 −
π
6
∑
I
ImtI , ω′ = −ω12
β
+
bπ
6
∑
I
ImtI ,
β =
b1 − b2
b1b2
, B˜m =
∑
a
baB
m
a . (4.54)
We have
ω1 = ω +
π
6
∑
I
ImtI +
1
b1
(
ω′ − bπ
6
∑
I
ImtI
)
,
ω2 = ω +
π
6
∑
I
ImtI +
1
b2
(
ω′ − bπ
6
∑
I
ImtI
)
,
∂Vpot
∂ω1
= −∂Vpot
∂ω2
=
∂Vpot
∂ω12
. (4.55)
Then taking ω, ω′ and tI as independent variables, the equations of motion for ω
and ω′ are:
∇mB˜m = 0, B˜m = 1
2
ǫmnpq∂
nb˜pq,
∇mBm = 1
8
∗Φ = β
∂V
∂ω12
, Bm =
1
3!8
ǫmnpqΓ
npq. (4.56)
Substituting the first of these into the Lagrangian (4.53), we see that the axion ω and
the three-form B˜m drop out because they appear only linearly in the Lagrangian;
hence they play the role of Lagrange multipliers. The equation of motion for b˜mn
implies the constraint on the phase ω as follows:
∇m∂mω = 0. (4.57)
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The equations of motion for ImtI and Γmnp read:
0 = ∇m
[
(1 + bℓ)
∂mImtI
2 (RetI)2
+
b
2RetI
Bm
]
− i
(
∂V
∂tI
− h.c.
)
− bπ
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∗Φ,
0 =
(1 + ℓg
ℓ
)
2ℓ2
Bm + ∂mω′ − b
2
∑
I
∂mImtI
RetI
, (4.58)
and the equivalent bosonic Lagrangian is:
1
e
LB = − 1
2
R − (1 + bℓ)∑
I
∂mt¯I ∂mt
I
(tI + t¯I)2
− 1
4ℓ2
(1 + ℓg
ℓ
) ∂mℓ ∂mℓ
− ℓ
2
(1 + ℓg
ℓ
)
(
∂mω′ − b
2
∑
I
∂mImtI
RetI
)(
∂mω
′ − b
2
∑
I
∂mImt
I
RetI
)
−Vpot(ℓ, tI , t¯I , ω12). (4.59)
As in Section 4.3.1, there is a single dynamical axion ω′ – or, via a duality trans-
formation, ∗Φ – but there is now a potential for the axion in the multi-condensate
case.
4.3.3 General Case
We introduce n linearly independent vectors B˜m, Bm, Bˆ
i
m, i = 1 . . . n − 2, and
decompose the Bma as follows:
Bma = aaB˜
m + caB
m +
∑
i
diaBˆ
m
i , Bˆ
m
i =
∑
a
eaiB
m
a . (4.60)
Then
∑
a
[
baωa + (b− ba)π
6
∑
I
ImtI
]
∇mBma = ω∇mB˜m + ω′∇mBm +
∑
i
ωi∇mBˆmi ,
ωa = ω +
π
6
∑
I
ImtI +
1
ba
(
ω′ − bπ
6
∑
I
ImtI
)
+
∑
i
eai
ba
ωi, (4.61)
and the Lagrangian can be written as in (4.53) with an additional term:
1
e
LB → 1
e
LB −
∑
i
ωi∇mBˆmi , (4.62)
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The equations of motion for the phases ω, ω′ and ωi are:
∇mB˜m = −∂Vpot
∂ω
= −∑
a
∂Vpot
∂ωa
= 0,
∇mBm = −∂Vpot
∂ω′
= −∑
a
1
ba
∂Vpot
∂ωa
=
1
2
∑
ab
βab
∂Vpot
∂ωab
=
1
8
∗Φ, βab ≡ ba − bb
babb
∇mBˆmi = −
∂Vpot
∂ωi
= −∑
a
eai
ba
∂Vpot
∂ωa
=
1
8
∗Φi, (4.63)
and the equations for Γimnp = 8ǫmnpqBˆ
q
i give ∂
mωi = 0. Hence
ωab = −βab
(
ω′ − bπ
6
∑
I
ImtI
)
+ θab, θab = constant. (4.64)
Therefore, as in the two-condensate case of Section 4.3.2, there is one dynamical
axion with a potential. The dual bosonic Lagrangian is the same as (4.59), with
Vpot = Vpot(ℓ, t
I , t¯I , ωab).
4.4 The Effective Potential
The potential (4.37) can be written in the form
Vpot =
1
16ℓ2
(v1 − v2 + v3) ,
v1 = (1 + ℓgℓ)
∣∣∣∣∣
∑
a
(1 + baℓ)ua
∣∣∣∣∣
2
, v2 = 3ℓ
2
∣∣∣∣∣
∑
a
baua
∣∣∣∣∣
2
,
v3 =
ℓ2
(1 + bℓ)
∑
I
∣∣∣∣∣
∑
a
da(t
I)ua
∣∣∣∣∣
2
= 4ℓ2 (1 + bℓ)
∑
I
∣∣∣∣∣ F
I
RetI
∣∣∣∣∣
2
. (4.65)
In the strong coupling limit
lim
ℓ→∞
Vpot = (ℓgℓ − 2)
∣∣∣∣∣
∑
a
baua
∣∣∣∣∣
2
, (4.66)
giving the exactly same condition on the functions f , g as (2.57) to assure bound-
edness of the scalar potential. Therefore (2.57), the necessary condition for stringy
non-perturbative effects to stabilize the dilaton, is indeed true in general. Note
however that if v1 = v3 = 0 has a solution with v2 6= 0, the vacuum energy is always
negative. v3 = 0 is solved by t
I = 1, i.e. the self-dual point. As explained below,
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this is the only nontrivial minimum if the cosmological constant is fine-tuned to van-
ish. In the case of two condensates, there is no solution to v1 = 0, v2 6= 0, for f ≥ 0,
and the cosmological constant can be fine-tuned to vanish, as will be illustrated be-
low in a toy example. More generally, the scalar potential Vpot is dominated by the
gaugino condensate with the largest one-loop β-function coefficient, so the general
case is qualitatively very similar to the single condensate case, and it appears that
positivity of the scalar potential can always be imposed. Otherwise, one would have
to appeal to another source of supersymmetry breaking to cancel the cosmological
constant, such as a fundamental 3-form potential [21, 43] whose field strength is
dual to a constant that has been previously introduced in the superpotential [16],
and/or an anomalous U(1) gauge symmetry [17].
In the following we study Z3-inspired toy models with E6 and/or SU(3) gauge
groups in the hidden sector, and 3Nf matter superfields [60] in the fundamental
representation f . Asymptotic freedom requires N27 ≤ 3 and N3 ≤ 5. For a true
Z3 orbifold there are no moduli-dependent threshold corrections: b
I
a = 0. In this
case, universal anomaly cancellation determines the average value of the matter
modular weights in these toy models as: 〈 2q27I − 1 〉 = 2/N27, 〈 2q3I − 1 〉 = 18/N3.
In some models Wilson line breaking of the hidden sector E8 generates vector-
like representations that could acquire masses above the condensation scale, so
that the universal anomaly cancellation sum rule is not saturated by light states
alone. In this case the qαI no longer drop out of the equations, so some of the
above formulae would be slightly modified. In addition, one would have to include
threshold effects [34], unless the masses of the heavy states are pushed to the string
scale. Here we assume for simplicity that the sum rule is saturated by the light
states. Denoting the fundamental matter fields by ΦIαf , α = 1, . . . , Nf , the hidden
matter condensates can be constructed as
Παf =
3∏
I=1
ΦIαf , b
α
E6 =
3
4π2
, bαSU(3) =
1
8π2
,
where gauge indices have been suppressed.
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In the analysis of the models described below, we assume – for obvious phe-
nomenological reasons – that the vacuum energy vanishes at the minimum 〈 Vpot 〉 =
0. Thus we solve the following equations:
Vpot =
∂Vpot
∂x
= 0, x = ℓ, tI , ωa. (4.67)
For x = ℓ, tI , we have
∂ρa
∂x
=
1
2
(
Ax +
1
ba
Bx
)
ρa, Bℓ =
(1 + ℓg
ℓ
)
ℓ2
, BI =
b
2RetI
[
1 + 4ζ(tI)RetI
]
,
∂Vpot
∂x
=
(
Ax − 2
ℓ
δxℓ
)
Vpot +
1
16ℓ2
∑
ab
ρaρb cosωab
(
Bx
ba
Rab +
∂
∂x
Rab
)
=
1
16ℓ2
∑
ab
ρaρb cosωab
(
Bx
n
∑
c
βcaRab +
∂
∂x
Rab
)
+
(
Ax − 2
ℓ
δxℓ +
Bx
n
∑
a
1
ba
)
Vpot, (4.68)
where βab is defined in (4.63). By assumption, the last term in (4.68) vanishes in
the vacuum. Note that the self-dual point, da(t
I) = BI = 0, t
I = 1, is always
a solution to the minimization equations for tI . It is the only solution for the
single condensate case. For the multi-condensate case, if we restrict our analysis to
the (relatively) weak coupling region, ℓ < 1/b−, where b− is the smallest β-function
coefficient, the scalar potential Vpot is dominated by the gaugino condensate with the
largest β-function coefficient b+ : Vpot ≈ ρ2+R++/16ℓ2. Moreover, since πb/3ba > 1,
the scalar potential Vpot is always dominated by this term for Ret
I > 1 (c.f. Eq.
(4.38)), so the only minimum for RetI > 1 is RetI → ∞, ρa → 0. By duality
the only minimum for RetI < 1 is RetI → 0, ρa → 0, so the self-dual point is
the only nontrivial solution. Since our scalar potential is always dominated by
one gaugino condensate, the picture is very different from the “race-track” models
studied previously [3].
At the self-dual point with Vpot = 0, we have
∂2Vpot
∂(tI)2
≈ 1
32ℓ2
∑
ab
ρaρb cosωab
(
π2
9
ℓ2
(1 + bℓ)
(b− ba)(b− bb)− bπ
6n
∑
c
βcaRab
)
≈ ρ
2
+
32
(
π2
9
(b− b+)2
(1 + bℓ)
− bπ
6nℓ2
∑
c
βc+R++
)
. (4.69)
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Positivity of the potential requires R++ ≥ 0, and βc+ ≤ 0 by definition, so the
extremum at the self-dual point with Vpot = 0, ρ+ 6= 0 is a true minimum. In
practice, the last term is negligible, and the normalized moduli squared mass is:
m2tI ≈
〈
1
4
(b− b+)2
(1 + bℓ)2
ρ2+
〉
. (4.70)
4.4.1 Single Gaugino Condensate with Hidden Matter
In this case βab = 0, and the minimization equations for t
I require
∂
∂tI
∣∣∣1 + 4ζ(tI)RetI ∣∣∣2 = 0,
which is solved by 1 + 4ζ(tI)RetI = 0, tI = 1. Then v3 = F
I = 0, and the
scalar potential Vpot is qualitatively the same as in the E8 case studied in Chapter
2 – except for the fact that here the string moduli are stabilized at the self-dual
point. (Note however that if βab = 0 one can choose the b
′
aα in (4.20) such that the
matter condensates drop out of the effective Lagrangian; then Raa is independent
of the moduli which remain undetermined.) The quantitative difference from the
E8 case is the value of the β-function coefficient: bE6 = (12− 3N27) /8π2, bSU(3) =
(6−N3) /16π2. As in Chapter 2, two possible choices for the function f are f =
Ae−B/V [7] and f = Ap(
√
V )−pe−B/
√
V [4], where we fine tune the parameter A (or
Ap) to get a vanishing cosmological constant.
Attention has been drawn to the leading correction for small coupling that is
of the form f = Ae−B/
√
V [4]. If we restrict f to this form, we have to require a
rather large value for the parameter A: A ≃ 40 in order to cancel the cosmological
constant. On the other hand, the important feature of f here is its behaviour in the
strong coupling regime; if f contains terms of the form Ae−B/V
n
2 , the strong coupling
limit will be dominated by the term with the largest value of n. In the numerical
analysis we take f = Ae−B/V ; adding to this a term of the form f = A′e−B
′/
√
V will
not significantly affect the analysis. We find that the vev of ℓ is insensitive to the
content of the hidden sector; it is completely determined by stringy non-perturbative
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effects, provided a potential for ℓ is generated by the strongly coupled hidden Yang-
Mills sector. More specifically, taking f = Ae−B/V we find that 〈 Vpot 〉 = 0 requires
A ≈ e2 ≈ 7.4, and the dilaton is stabilized at a value 〈 ℓ 〉 ≈ B/2. Taking B = 1
gives 〈 ℓ 〉 ≈ 0.5, 〈 f(ℓ) 〉 ≈ 1, and the squared gauge coupling at the string scale
is g2s = 〈 2ℓ/(1 + f) 〉 ≈ 0.5. If instead we use f = Ae−B/
√
V , the corresponding
numbers are A ≈ 2e3 ≈ 40, 〈 ℓ 〉 ≈ B2/9, g2s ≈ 2B2/27. Therefore, the vev of the
dilaton ℓ completely determined by stringy non-perturbative effects, and the dilaton
is naturally stabilized at a weak coupling regime if, for example, the parameter B
in the function f considered here is of order one.
One may look more closely at the second choice which is a genuine stringy
nonperturbative effect3. Taking for illustrative purposes f =
(
A0 + A1/
√
ℓ
)
e−B/
√
ℓ,
where the condition (4.66) or (2.57) requires A0 to be larger than 2, one finds
a realistic minimum for O(1) values of the parameters: B〈 ℓ 〉−1/2 ≈ 1.1 to 1.3,
A0 ≈ 2.7 to 5.3 and A1 ≈ −3.1 to −4.6. Therefore, the previous problem of a
rather large value of A (A ≈ 40) for f = Ae−B/
√
V does not exist in general. From
now on we take f = Ae−1/V in the numerical analysis, but notice that the major
conclusions of the analysis apply to more generic choices for f .
The scalar potential Vpot for Ga = E6, N27 = 1, is plotted in Figures 4.1–
4.3. Fig. 4.1 shows the scalar potential in the ℓ, ln t plane, where we have set
tI = t, Imt = 0; with this choice of variables the T -duality invariance of the scalar
potential is manifest. Fig. 4.2 shows the scalar potential Vpot for ℓ at the self-dual
point tI = 1, and Fig. 4.3 shows the scalar potential for ln t with ℓ fixed at its vev.
The qualitative features of the scalar potential are independent of the content of
the hidden sector. Fixing A in each case by the condition 〈 Vpot 〉 = 0, we find for
3We do not consider here the case where the coefficient B in the exponent is moduli-dependent
[6]. Such stringy nonperturbative contributions would perturb the moduli ground state away from
the self-dual point. However, one has to worry about the problem of modular invariance for this
type of stringy nonperturbative contributions [61]
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Figure 4.1: The scalar potential Vpot (in reduced Planck units) is plotted versus ℓ
and ln t.
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Figure 4.2: The scalar potential Vpot (in reduced Planck units) is plotted versus ℓ
with tI = 1 (the self-dual point).
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Figure 4.3: The scalar potential Vpot (in reduced Planck units) is plotted versus ln t
with ℓ = 〈 ℓ 〉.
Ga = E6
A =


7.324
7.359
7.381
, 〈 ℓ 〉 =


0.502
0.501
0.500
≈ g2s , for N27 =


1
2
3
. (4.71)
For Ga = SU(3), N3 = 1, we find A = 7.383, 〈 ℓ 〉 = 0.500 ≈ g2s . As will be
discussed in Section 4.5, the scale of supersymmetry breaking in this case is far too
small, and further decreases with increasing N3.
4.4.2 Two Gaugino Condensates
We have
∂Vpot
∂ω1
= −∂Vpot
∂ω2
= −ρ1ρ2R12 sinω12,
∑
abc
βcaρaρbRab cosωab = β21
(
ρ21R11 − ρ22R22
)
. (4.72)
Minimization with respect to ω1 requires either 〈 sinω12 〉 = 0 or 〈R12 〉 = 0. Identi-
fying b1 = b+, b2 = b−, positivity of the scalar potential requires R11 ≥ 0, which in
89
turn implies R12 > 0, so the extrema in ω are at sinω12 = 0, with cosω12 = −1 (+1)
corresponding to minima (maxima):
∂2Vpot
∂ω212
= −ρ1ρ2R12 cosω12, m2ω12 =
〈
3b2+β
2
12R12
2(1 + b+ℓ)2
ρ1ρ2
〉
. (4.73)
There is also a small ImtI -ω12 mixing. Note that while in contrast to the single
condensate case, the dynamical axion is no longer massless, its mass is exponentially
suppressed relative to the gravitino mass by a factor ∼ 〈 ρ2/ρ1 〉1/2. Therefore, in
generic string models there is only one very light axion4 (i.e., the model-independent
axion). As will be discussed in Chapter 5, this very light axion has the right
properties to be the QCD axion [62].
For G = E6 ⊗ SU(3), the potential is dominated by the E6 gaugino condensate,
and the results are the same as in (4.71). The only other gauge groups in the
restricted set considered here that are subgroups of E8 are G = [SU(3)]n, n ≤ 4;
these cannot generate sufficient supersymmetry breaking.
4.5 Supersymmetry Breaking
The pattern and scale of supersymmetry breaking are determined by the vev’s of
the F components of the chiral superfields. From the equations of motion for πα
and ρa we obtain, at the self-dual point 〈F I 〉 = 0:
〈 F α 〉 = (1 + ℓgℓ)
4ℓ2ba
πα
(
u¯+ ℓ
∑
b
bbu¯b
)
≈ 3b
2
+
4ba
παu¯+ (1 + ℓb+)
−1 , bαa 6= 0,
〈 F a + F¯ a 〉 = 1
4ℓ2ba
(1 + ℓg
ℓ
)(1 + ℓba)
[
ua
(
u¯+ ℓ
∑
b
bbu¯b
)
+ h.c.
]
≈ 3b
2
+
4ba
1 + ℓba
1 + ℓb+
(uau¯+ + u¯au+) , (4.74)
where the approximations on the right hand sides are exact for a single gaugino
condensate. The dominant contribution is from the gaugino condensate with the
4As discussed in Section 3.3.1, this statement is true in the context of both static and dynamical
gaugino condensation, where the former is the effective description of the latter.
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largest β-function coefficient:
〈 F+ + F¯+ 〉 = 3ρ
2
+b+
2
. (4.75)
It has been known for some time that, if the dominant supersymmetry breaking
effects come from the dilaton rather than the moduli, the soft supersymmetry
breaking parameters are naturally flavor blind, and non-universal squark and slep-
ton masses that could induce unacceptably large flavor-changing neutral currents
(FCNC) could be thereby avoided [63]. Therefore, the fact that the F I vanish in
the vacuum is a desirable feature for phenomenology. And it should be empha-
sized that this unique feature is just the natural consequence of modular invariance
and a correct treatment of gaugino condensation in string theory. In other words,
a modular invariant treatment of gaugino condensation in string theory naturally
leads to the phenomenologically desirable dilaton-dominated supersymmetry break-
ing scenario5, which is very impressive! However, as we will see in Chapter 5, the
dilaton-dominated supersymmetry breaking scenario is not always free from the
FCNC problem, which means the the analysis of dilaton-dominated scenario in the
past [2, 63] is oversimplified. In fact, possible non-universal couplings of the matter
superfields to the Green-Schwarz counterterm could induce non-universal squark
and slepton masses. More discussion of this problem will be given in Chapter 5.
Another important parameter for soft supersymmetry breaking in the observ-
able sector is the gravitino mass mG˜. The derivation of the gravitino part of the
Lagrangian again parallels the construction in Section 2.3.2. The gravitino mass
mG˜ is determined by the term:
Lmass(ψ) = −1
8
ψmσmnψ
n
∑
a
u¯a
{
1 + f
ℓ
+ b′a ln(e
2−K u¯aua) +
∑
α
bαa ln(π
απ¯α)
+
∑
I
[
bgI − b
I
a
4π2
ln |η(tI)|2
]}
− eK/2W¯ψmσmnψn + h.c., (4.76)
5As will be discussed in Section 4.7, this feature is absent in those works [18] where modular
invariance is incorporated but the constraint on gaugino condensation (4.4) has not been included.
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giving, when the equations of motion (4.26) are imposed,
mG˜ =
1
3
〈 |M | 〉 = 1
4
〈 |∑
a
b′aua − 4eK/2W | 〉 =
1
4
〈 |∑
a
baua| 〉 ≈ 1
4
b+〈 ρ+ 〉. (4.77)
The scale of supersymmetry breaking is governed by the vev (4.31) of the gaugino
condensate with the largest β-function coefficient. This includes the usual suppres-
sion factor 〈 ρa 〉 ∝ e−1/bag2s , where g2s = 〈 2ℓ/(1 + f) 〉 is the effective squared
coupling constant at the string scale. However, there are also other important
parameters that determine the scale of the hierarchy between the supersymmetry
breaking scale and the Planck scale. The dependence on the string moduli provides
a second exponential suppression factor:
〈 ρa 〉 ∝ 〈
∏
I
|η(tI)|2(b−ba)/ba 〉 = |η(1)|6(b−ba)/ba ≈ e−π(b−ba)/2ba . (4.78)
On the other hand, the numerical factor
∏
α |bαa/4cα|−bαa/ba generates an exponential
enhancement if cα ∼ 1. This is the largest numerical uncertainty in our analysis. A
priori, cα is related to the Yukawa couplings of matter fields in the hidden sector.
However, there is an arbitrary normalization factor in the definition of Πα. If the
hidden-sector Yukawa couplings were known, it might be possible to estimate cα by
a matching condition for the vev’s of the second lines of (4.32) and (4.33). In our
numerical analysis, we have set cα = 1. Then, if the hidden gauge group with the
largest β-function coefficient is G+ = E6 with 3N27 matter chiral superfields in the
fundamental representation, we obtain:
mG˜ =


1.1× 10−9
3.3× 10−11
1.65× 10−15
for N27 =


1
2
3
, (4.79)
in reduced Planck units. For G+ = SU(3) with three matter chiral superfields in
the fundamental representation, we obtain an unacceptably large gauge hierarchy:
mG˜ = 2.2 × 10−32; mG˜ decreases rapidly as N3 increases, i.e. as the β-function
coefficient decreases.
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4.6 Concluding Remarks
In the class of models studied here, the introduction of a parameterization for
stringy nonperturbative contributions to the Ka¨hler potential for the dilaton gener-
ically allows a stable vacuum at a nontrivial, phenomenologically acceptable point
in the dilaton/moduli space. In particular, when we impose the constraint that
the cosmological constant vanishes, we find that in the linear multiplet formalism,
the string moduli tI are stabilized at the self-dual point, and their associated F
components vanish in the vacuum, which results in a phenomenologically desir-
able dilaton-dominated supersymmetry breaking scenario. This striking feature of
string phenomenology is in fact just the consequence of modular invariance and
a correct treatment of gaugino condensation6. Therefore, in this sense the exper-
imental search for a dilaton-dominated supersymmetry breaking scenario can be
regarded as an indirect test of the modular invariance of weakly-coupled heterotic
string.
A salient feature of our formalism is that there is little qualitative difference
between a single condensate and a multi-condensate scenario. For several gaugino
condensates with equal (or very similar) β-function coefficients, the scalar potential
reduces to that of the single gaugino condensate case, except that there may be flat
directions. If b1 = b2 = · · · bk, then at the self-dual point ρa/ρ1 = ζa = constant
and the potential vanishes identically in the direction
∑k
a=1 ζae
iωa = 0, ρa>k = 0.
This always has a solution if ζa = 1, in which case the flat direction preserves
supersymmetry and there is no barrier between this solution and the interesting,
supersymmetry breaking solution. For several gaugino condensates with different β-
function coefficients, the scalar potential is dominated by the gaugino condensate(s)
with the largest β-function coefficient, and the result is essentially the same as in
the single gaugino condensate case, except that a very small mass is generated
6As discussed in the appendix, an inappropriate treatment of gaugino condensation and/or
modular invariance is the reason why this unique feature of string phenomenology has been ignored
in the past.
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for the dynamical (model-independent) axion. In all cases, stringy nonperturbative
corrections to the dilaton Ka¨hler potential are required to stabilize the dilaton. This
picture is very different from previously studied “racetrack” models [3] where dilaton
stabilization is achieved through cancellations among different gaugino condensates
with similar β-function coefficients. The qualitative difference between an E8 hidden
sector and one with a product gauge group is the presence of hidden matter; in the
E8 case there is no hidden matter and the scalar potential is independent of the
moduli, which therefore remain undetermined in the classical vacuum of the effective
condensate theory. More phenomenological discussions of the model constructed in
this chapter will be presented in Chapter 5.
4.7 Appendix: Chiral Multiplet Formalism
There has been interest in the question as to whether the linear and chiral multiplet
formalisms are equivalent at the quantum level. They are presumably equivalent in
the sense that technically we may always perform a duality transformation at the
superfield level on the Lagrangian (4.5) so as to recast it entirely in terms of chiral
supermultiplets. The resulting effective Lagrangian should be the chiral multiplet
formalism with the gaugino condensates constrained by (2.12), and it is apt to be
rather complicated [9, 12].
The string phenomenology that we have constructed and studied so far is quite
different from the “conventional” string phenomenology in several aspects. Besides
the aforementioned linear–chiral duality question, the “conventional” string phe-
nomenology is different from ours in the sense that the constraint (2.12) on gaugino
condensates has always been ignored, and usually the treatment of modular invari-
ance is incomplete or incorrect in the “conventional” study of string phenomenology.
Therefore, a more practical question that we address in this appendix is the extent
to which our studies in Sections 4.1–4.6 can be reproduced if one takes as a starting
point the usual chiral multiplet formalism for the dilaton with the gaugino con-
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densates represented by unconstrained chiral superfields (i.e., the “conventional”
approach), and modular invariance is ensured through the Green-Schwarz mecha-
nism and string threshold corrections. In particular, we would like to know how
an inappropriate treatment of gaugino condensation (i.e., a treatment without the
constraint (2.12) on gaugino condensates) might have affected our understanding of
string phenomenology in the past.
In the chiral multiplet formalism, the Green-Schwarz counterterm appears as a
correction to the Ka¨hler potential, which we take to be
K(S, T I) = ln(L) + g˜(L) +
∑
I
gI , L−1 = S + S¯ − b∑
I
gI , (4.80)
where g˜ is the correction from stringy nonperturbative effects in the chiral multiplet
formalism7. Modular invariance of the Yang-Mills Lagrangian at the quantum level
is assured by the transformation property of S under (4.14):
S → S + b∑
I
HI , (4.81)
and modular covariance of the Ka¨hler potential (K → K +∑I(HI + H¯I)) requires
that it depend on S only through the vector superfield L defined in (4.81). We
introduce static gaugino and matter condensate superfields Ua and Π
α as before,
but now the gaugino condensate chiral superfield
Ua = e
K/2H3a (4.82)
is not constrained by the constraint (2.12) or (4.42) because Ha is taken to be an
unconstrained chiral superfield in the treatment here. (This is what has always
been done in the conventional study of string phenomenology.) We construct the
superpotential in analogy to (4.5), using the standard approach of Veneziano and
Yankielowicz:
Wtot = Wcond +W (Π), (4.83)
7Notice that the vector superfield L here is simply a convenient notation for (S+S¯−b∑I gI)−1.
It should not be confused with the L used in the linear multiplet formalism.
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where W (Π) is the same as in (4.30), and
Wcond = WC +WV Y +Wth, WC =
1
4
S
∑
a
H3a ,
WV Y =
1
4
∑
a
H3a
(
3b′a lnHa +
∑
α
bαa lnΠ
α
)
,
Wth =
1
4
∑
a,I
bIa
8π2
H3a ln[η
2(T I)], (4.84)
where WC represents the classical contribution of gaugino condensation. H
3
a trans-
forms in the same way as Ua under rigid chiral and conformal transformations, and
the anomaly matching conditions give the same constraints on the coefficients b’s as
in Section 4.2. Then it is straightforward to check that, under the modular transfor-
mation (4.14) with Ha → e−
∑
I
HI/3, we have Wcond → e−
∑
I
HI/3Wcond, as required
by modular invariance of the Lagrangian. Summing the various contributions, the
superpotential for Ha can be written in the following form:
Wcond =
1
4
∑
a
b′aH
3
a ln
{
eS/b
′
aH3a
∏
α
(Πα)b
α
a/b
′
a
∏
I
[η(T I)]−b
I
a/4π
2b′a
}
. (4.85)
The bosonic Lagrangian takes the standard form:
LB = −1
2
R− 1
3
MM¯ +Kim¯
(
F iF¯ m¯ − ∂µzi∂µzm¯
)
+eK/2
[
F i (Wi +KiW )− M¯W + h.c.
]
, (4.86)
where Z i = S, T I , Ha,Π
α, zi = ZI |θ=θ¯=0. In our static model Kim¯, Ki = 0 for
Z i, Zm = Ha,Π
α, and the equations of motion for F i give Wi = 0 for these fields.
This determines the chiral superfields Ha,Π
α as holomorphic functions of S, T I .
Making the same restrictions on W (Π) and the bαa as in Section 4.2, we obtain:
H3a = e
(2n+1)iπ(b′a−ba)/ba−b′a/bae−S/ba
∏
I
[η(T I)]2(b−ba)/ba
∏
α
|bαa/4cα|−b
α
a /ba ,
Πα = − b
α
a
4cα
H3a
∏
I
[η(T I)]−2(q
α
I
−1), bαa 6= 0. (4.87)
As in (4.31), the correct dependence of the gaugino condensates on the squared
gauge coupling constant 〈 2/Res 〉, s = S|θ=θ¯=0, is recovered. Note however that,
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in contrast to (4.31), the phases of gaugino condensate here are quantized once Ims
is fixed at its vev. Using these results gives
Wtot =W (S, T
I) = −1
4
∑
a
baH
3
a . (4.88)
The scalar potential Vpot is determined in the standard way after eliminating the
remaining auxiliary fields through their equations of motion:
M = −3eK/2W, F¯ m¯ = −eK/2Kim¯ (Wi +KiW ) , Z i = S, T I ,
Vpot(s, t
I , t¯I) = eK
[
Kim¯ (Wi +KiW )
(
W¯m¯ +Km¯W¯
)
− 3|W |2
]
. (4.89)
The inverse Ka¨hler metric for the Ka¨hler potential (4.81) is:
KIJ¯ =
4(RetI)2
(1− bKs)δ
IJ , KIs¯ = − 2bRet
I
(1− bKs) ,
Kss¯ =
1− bKs + 3b2Kss¯
Kss¯(1− bKs) , (4.90)
and the scalar potential Vpot reduces to
Vpot =
eK
1− bKs
{
K−1ss¯
(
1− bKs + 3b2Kss¯
)
|Ws +KsW |2 + 4
∑
I
(
RetI
)2 |WI +KIW |2
−2b
[(
W¯s +KsW¯
)∑
I
RetI (WI +KIW ) + h.c.
]}
− 3eK |W |2. (4.91)
We have
− 2RetI (WI +KIW ) = −
∑
a
1
4ba
[
1− bKs − b− ba
ba
RetIζ(tI)
]
H3a ,
Ws +KsW =
∑
a
1
4b2a
(1−Ksba)H3a , (4.92)
and the scalar potential can be written in the following form:
Vpot =
eK
16(1− bKs)
∑
ab
|hahb|3 cosωabRab, (4.93)
where here ωa is the phase of h
3
a = H
3
a |θ=θ¯=0, ωab is defined as before, and
Rab = babbfab(ℓ) + (b− ba)(b− bb)
∑
I
|1 + 4RetIζ(tI)|2, ℓ = L|θ=θ¯=0,
fab(ℓ) = (1− bKs)
[
(1− baKs)(1− baKs)
babbKss¯
− 3
]
. (4.94)
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In the absence of stringy nonperturbative effects, Ks = −ℓ, Kss¯ = ℓ2, fab → −2bℓ as
ℓ→∞, and the scalar potential Vpot is unstable in the strong coupling direction, as
expected. A positive definite scalar potential requires that f++(ℓ) be positive semi-
definite where, as before, b+ is the largest ba. Note that the perturbative expression
for faa(ℓ) is negative for baℓ > 1.4, while in the linear multiplet formalism the
corresponding expression is negative only for baℓ > 2.4, so stringy nonperturbative
effects are required to be more important in the unconstrained chiral multiplet
formalism8 here. If there is only one gaugino condensate, the self-dual point for the
moduli is again a minimum, but 〈F I 〉 6= 0. In the general case, the minimization
equations for the moduli read:
∂Vpot
∂tI
=
eK
16(1− bKs)
∑
ab
|hahb|3 cosωab
(
2b
n
ζ(tI)
∑
c
βcaRab +
∂
∂tI
Rab
)
+
(
A+
2b
n
ζ(tI)
∑
a
1
ba
)
Vpot, (4.95)
where βab is defined as in (4.63). Again imposing 〈 Vpot 〉 = 0, the minimum is shifted
slightly away from the self-dual point if some βab 6= 0.
The effective Lagrangian constructed using the linear multiplet formalism – like
the string and field-theoretical loop-corrected Yang-Mills Lagrangian [33, 34] – de-
pends only on the variables tI and the modular invariant field ℓ, so the Lagrangian is
invariant under modular transformations on the tI alone. In contrast, the effective
Lagrangian constructed using this unconstrained chiral multiplet formalism has an
explicit s–dependence which accounts for the fact that the self-dual point is not the
minimum. The unconstrained chiral multiplet construction forces a holomorphic
coefficient for the interpolating superfield for the Yang-Mills composite superfield
U ≃ Tr(WαWα), and hence cannot faithfully reflect the non-holomorphic contri-
bution from the Green-Schwarz counterterm. This is again related to the fact that
the unconstrained chiral multiplet construction does not account for the constraint
(2.12) or (4.42) which has to be satisfied by the gaugino condensate superfields. Our
8Unconstrained chiral multiplet formalism means the chiral multiplet formalism without the
constraint (2.12) or (4.42).
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analysis in this appendix explicitly explains why in the past the study of string phe-
nomenology using the unconstrained chiral multiplet formalism has not been able to
predict moduli stabilization at the self-dual point and therefore a dilaton-dominated
supersymmetry breaking scenario. This conclusion is also consistent with previous
works such as [18] where the unconstrained chiral multiplet formalism was employed.
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Chapter 5
Weakly-Coupled Heterotic String
Phenomenology
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5.1 Introduction
In Chapter 4, we have constructed string models which include supersymme-
try broken at a realistic scale, a stabilized dilaton, moduli fields with couplings
respecting modular invariance and a vanishing cosmological constant. We believe
that it is sufficiently realistic to allow for a discussion of many phenomenological
issues associated with supersymmetry breaking, moduli physics and axion physics
based on actual computations rather than educated guesses1. Needless to say, we
have no miraculous solution for either dilaton stabilization or the vanishing of the
cosmological constant. Although these are incorporated in the model by fixing some
parameters (only the second constraint requires fine tuning), the model is still pre-
dictive enough in many respects. In Sections 5.2 and 5.3, we comment on several
problems associated with string moduli and axion. In particular, these analyses are
quite insensitive to the details of the string models, and therefore the conclusions
are fairly model-independent. In Section 5.4, we study the pattern of soft super-
symmetry breaking parameters. As expected, the conclusions of this section are
sensitive to the details of the specific string model under consideration. In Sec-
tion 5.5, we comment on gauge coupling unification in the presence of significant
stringy non-perturbative effects. In order to make the presentation transparent, in
most sections we start with the known results and problems of string phenomenol-
ogy studied in the past2. We then present the results obtained from the realistic
model constructed in Chapter 4. In particular, we emphasize how the standard lore
of string phenomenology is modified within our model, and how the problems of
string phenomenology could naturally be solved by these important modifications3.
1As we shall see, several such educated guesses about string phenomenology which have been
regarded as standard turn out to be inappropriate according to our actual computations.
2As discussed in the appendix of Chapter 4 and elsewhere, these studies in the past are based
on the unconstrained chiral multiplet formalism.
3As we have seen and shall see, many so-called problems of weakly-coupled string phenomenol-
ogy known in the past are not really problems of weakly-coupled string phenomenology itself. In
fact, they are mostly due to our limited calculational power in string theory, little knowledge of
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5.2 Moduli Physics
5.2.1 Moduli Stabilization at the Self-Dual Point
As discussed in Chapter 4, simply as a consequence of modular invariance and
an appropriate treatment of gaugino condensation, the compactification moduli T I ’s
are stabilized at the self-dual point, 〈 tI 〉 = 1. This means that the compactification
scaleMcomp is actually close to the string scaleMs. This observation will be relevant
to the discussion of the Newton’s constant in Section 5.5. What’s more interesting is
that fact that, in the vacuum (i.e., at the self-dual point), the F components of TI ’s
vanish. Therefore, although TI ’s are stabilized by supersymmetry breaking effects,
they do not contribute to the breaking of supersymmetry. As emphasized before,
this leads a dilaton-dominated scenario of supersymmetry breaking. In the context
of superstring, our study offers a rationale for the phenomenologically interesting
dilaton-dominated scenario.
5.2.2 Mass Hierarchy between Moduli and Gravitino
At the perturbative level, the dilaton and moduli are are flat directions of
the potential, and they are lifted only through non-perturbative effects. It is often
argued that the non-perturbative effects which break supersymmetry also lift these
flat directions. As we have learned from the standard lore of string phenomenology,
a naive oder-of-magnitude estimate concludes that string dilaton and moduli have
masses of order (or no larger than) the gravitino mass [22, 64], where the natural
scale of gravitino mass is about 1 TeV. Obviously, these light dilaton and moduli
fields with couplings suppressed by the Planck scale could lead to serious cosmolog-
ical problems. A rough estimate for the decay rate Γ of string dilaton or moduli is
at most
Γ ∼ m
3
8πM ′2P
, (5.1)
its true vacuum structure, and an inappropriate treatment of gaugino condensation.
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where m is the mass of string dilaton or moduli, M ′P = MP/
√
8π is the reduced
Planck scale and MP is the Planck scale. This slow decay rate is the source of
cosmological problems. That is, relic dilaton and moduli produced in the very early
universe survive to a dangerously late epoch. With the slow decay rate (5.1), they
result in a low reheat temperature TR [22, 65]:
TR ∼ 5
(
m
TeV
)3/2
keV. (5.2)
Such a low reheat temperature is inconsistent with successful nucleosynthesis unless
m ≥ O(3)× 104 GeV (if TR ≥ O(1) MeV is required.) According to the standard
lore of string phenomenology, m ≥ O(3)× 104 GeV would imply an un-naturally
large gravitino mass, which is not acceptable. This is the so-called cosmological
moduli problem [22, 65, 66], where the Polonyi problem is an earlier version of this
problem in the context of spontaneously broken supergravity [67]. In order to solve
the cosmological moduli problem, there have been attempts at a hierarchy between
moduli and squark masses [66, 68]; however, none of them is realistic. There are
also possible cosmological solutions to the cosmological moduli problem, such as a
weak scale inflation [65].
Now, let’s leave the standard lore of string phenomenology and turn to the
realistic model constructed in Chapter 4. One can easily extract from the scalar
potential the masses of the dilaton and of the moduli, which are particularly relevant
for cosmology. According to (4.70), one finds the mass of the moduli mtI as follows:
mtI ≈
〈
1
2
(b− b+)
(1 + bℓ)
ρ+
〉
. (5.3)
where ρ+ is the hidden-sector gaugino condensate with the largest one-loop β-
function coefficient b+. As for the mass of the dilaton md, one finds:
md ∼ 1
b2+
mG˜. (5.4)
According to (4.77), the gravitino mass is: mG˜ ≈ 14b+〈 ρ+ 〉. In generic string
models b/b+ and 1/b
2
+ are naturally large numbers, and therefore in contrast to the
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standard lore of string phenomenology our model has a natural hierarchy between
the dilaton/moduli and squark/slepton masses. More precisely, in order to generate
a realistic hierarchy of order mG˜ ≈ 10−15M ′P ≈ 103 GeV, it is required that b/b+ ≈
10 for the string models under consideration. (Such an example has been presented
in Section 4.5.) In this case, mtI ≈ 20mG˜ ≈ 20 TeV and md ∼ 103mG˜ ≈ 103
TeV (where mG˜ ≈ 1 TeV.) This natural hierarchy between the dilaton/moduli and
squark/slepton masses could be sufficient to solve the cosmological moduli problem.
This hierarchy could also have other non-trivial cosmological implications. The
implication of such a hierarchy on the primordial black hole constraints has recently
been studied in [69].
One may wonder why the mass of dilaton is particularly large in our model.
In fact, this specific feature has to do with the cancellation of the cosmological
constant. In our model, it is implicitly assumed that the mechanism which breaks
supersymmetry is also responsible for the cancellation of the cosmological constant,
which is the minimal and most economical assumption4. With this assumption,
〈 Vpot 〉 = 0 leads to 〈 1+ ℓgℓ 〉 ≈ 3b2+〈 ℓ2 〉. According to (4.27), the kinetic term of
dilaton contains the small factor 〈 1+ℓg
ℓ
〉, which therefore leads to an enhancement
of the mass of dilaton. On the other hand, there is so far very little insight about
how the cosmological constant problem should be solved. It is possible that there are
other sources which could contribute to the cancellation of cosmological constant.
However, a detailed analysis of these more complicated scenarios is beyond the scope
of our study here. We wish to emphasize that, even if 〈 1+ ℓg
ℓ
〉 might turn out to
be, for example, an O(1) number in some other more complicated solutions to the
cosmological constant problem, the natural hierarchy between the dilaton/moduli
and squark/slepton masses still exists as long as gaugino condensation is the major
source of supersymmetry breaking; in this case we have mt ≈ 20mG˜ ≈ 20 TeV and
md ∼ (1/b+)mG˜ ∼ 30mG˜ ≈ 30 TeV.
4In our model, positivity of the scalar potential can always be imposed. One thus does not
need to appeal to another source of supersymmetry breaking to cancel the cosmological constant.
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5.3 Axion Physics
The invisible axion is an elegant solution to the strong CP problem. In string
theory, there seem to be many such axion candidates. However, as for the weakly-
coupled superstring, it has been argued that QCD cannot be the dominant contri-
bution to the potential of any string axion [70], and therefore none of the string
axions is qualified for the QCD axion. For string axions associated with the com-
pactification T I moduli, Peccei-Quinn symmetries are significantly broken by world-
sheet instanton effects [70]. For the string model-independent axion, it has been
argued (again using the unconstrained chiral multiplet formalism) that the model-
independent axion cannot be the QCD axion due to stringy non-perturbative effects
(of order e−c/gs for the superpotential of dilaton) [7, 70]. On the other hand, in the
realistic model constructed in Chapter 4 where stringy non-perturbative effects are
fully included using the linear multiplet formalism, the model-independent axion
does have the right features to be the QCD axion. The resolution for the stringy
non-perturbative contribution, e−c/gs, to the superpotential of the dilaton is simple
and impressive: as argued in [7, 70] using the chiral multiplet formalism, it seems
plausible that there should be significant e−c
√
S contributions to the superpotential
of dilaton, leading to the QCD axion problem raised by Banks and Dine [70]. On
the other hand, in the linear multiplet formalism of string effective theory where
the dilaton is represented by a vector superfield L, it is simply impossible to write
down any L-dependent contribution (e.g., e−c/
√
L) to the superpotential – a con-
straint coming from holomorphy. Therefore, in the linear multiplet formalism the
QCD axion problem of Banks and Dine [70] is resolved in an elegant way, and one
should re-examine the attractive possibility of the string model-independent axion
being the QCD axion in this framework.
For any of the string axions to solve the strong CP problem, there is also a
cosmological constraint. Cosmological considerations require the decay constant Fa
of the invisible axion to lie between 1010 GeV and 1012 GeV (the so-called axion
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window [23, 71]). The upper bound on the axion decay constant, Fa ≤ 1012 GeV,
is due to the requirement that the energy density of the coherent oscillations of the
axion be less than the critical density of the universe [23]. However, in superstring
theory the axion decay constant Fa is naturally of order the Planck scale, and
therefore the cosmological upper bound on Fa is seriously violated. Although it was
shown by Choi and Kim [72] that the decay constant Fa of the model-independent
axion in the weakly-coupled heterotic string theory actually is M ′P/16π
2 ≈ 1016
GeV, this is still much larger than the cosmological upper bound. On the other
hand, cosmological constraints could be quite scheme-dependent; for example, it
has been pointed out that the entropy production due to the decays of massive
particles dilutes the axion density and therefore raise the upper bound on Fa [73].
Based on the above idea Kawasaki, Moroi and Yanagida [74] have proposed a refined
scenario where the Polonyi fields of supergravity models are natural candidates for
entropy production. The new cosmological upper bound on Fa in this scheme is:
Fa ≤ 5× 1015
(
mφ
10 TeV
)−3/4
GeV, (5.5)
where mφ is the mass of the Polonyi field. In order to keep successful primordial
nucleosynthesis in this scheme, mφ should be larger than about 10 TeV. With mφ ≈
10 TeV, Fa ≤ 5 × 1015 GeV and therefore the string model-independent axion is
almost consistent with this new upper bound. However, mφ ≥ 10 TeV seems un-
natural according to the standard lore of string phenomenology where one expects
mφ ≈ mG˜ ≈ 1 TeV. On the contrary, the cosmological scenario of Kawasaki et al
naturally occurs in our model constructed in Chapter 4. As discussed in Section 5.2,
in our model there is a natural hierarchy between the moduli and gravitino masses
(mtI ≈ 20mG˜ ≈ 20 TeV), and therefore the decays of moduli serve the purpose of
raising the cosmological upper bound on Fa to a value consistent with the Fa of
string model-independent axion. This natural hierarchy is indeed a desirable feature
of our model since it not only could solve the cosmological moduli problem but also
keeps the energy density of the oscillations of string model-independent axion from
106
overclosing the universe.
One particularly interesting aspect of our model constructed using the lin-
ear multiplet formalism of gaugino condensation in Chapter 4 is axion physics.
Pseudoscalar fields are the phases ωa of the condensates and the so-called model-
independent axion which is dual to the fundamental antisymmetric tensor field. The
latter couples in a universal way to the F aµνF˜ aµν term of each gauge subgroup. If
again we look at the dynamical model with one E8 gaugino condensate in Chapter
3, we find that out of the two possible pseudoscalar the condensate phase is very
heavy whereas the string model-independent axion remains massless. This is ob-
viously the supersymmetric counterpart of what happens with the scalars. If we
allow for more than one gaugino condensate, the model-independent axion acquires a
very small mass5 (typically exponentially suppressed relative to the gravitino mass
by a factor of order 〈 ρ2/ρ1 〉1/2 in the two-condensate case according to (4.73)).
Furthermore, as we have seen in Section 5.2, the axions associated with the T I
moduli get masses of order 20mG˜. Therefore, we are always left with only one
very light axion, the model-independent axion, and it has the right properties to
be the QCD axion. Remember that there are two kinds of non-perturbative effects
in our model (i.e., the field-theoretical non-perturbative effects of hidden-sector
gaugino condensation constrained by (2.12) and stringy non-perturbative effects),
and they are best described using the linear multiplet formalism. In contrast to
the argument against the string model-independent axion as the QCD axion [70]
in the presence of generic stringy non-perturbative effects using the unconstrained
chiral multiplet formalism, in our model the model-independent axion can indeed
be the QCD axion. As explained before, the reason why the model-independent
axion has the desirable features in the linear multiplet formalism are a correct
treatment of gaugino condensation and the fact that such stringy non-perturbative
effects of dilaton are actually forbidden in the superpotential due to holomorphy.
5Higher-dimension operators might give extra contributions to the mass of this axion. However,
these contributions can be argued to be negligible using discrete R symmetry [7].
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As for the decay constant Fa of the model-independent axion in our model, there
is an additional reduction factor of 〈 2ℓ2(1 + ℓg
ℓ
) 〉1/2 compared to the result ob-
tained by Choi and Kim [72]. As discussed in Section 5.2, this reduction factor
comes from the fact that the kinetic term of dilaton in (4.27) contains the small
factor 〈 1 + ℓg
ℓ
〉 ≈ 3b2+〈 ℓ2 〉 when 〈 Vpot 〉 = 0 is imposed. More precisely, this
reduction factor is about 〈 2ℓ2(1 + ℓg
ℓ
) 〉1/2 ≈
〈√
6b+ℓ
2
〉
≈ 1/50 if the gravitino
mass is about 1 TeV. Besides the fact that the cosmological scenario of Kawasaki et
al naturally occurs in our model, this reduction in the model-independent axion’s
decay constant is certainly desirable from the viewpoint of the cosmological upper
bound on Fa. Indeed, with this reduction factor the axion decay constant in our
model is Fa ≈ 2 × 1014 GeV, which is truly consistent with the upper bound on
Fa (≈ 5× 1015 GeV) imposed by the scenario of Kawasaki et al.
5.4 Soft Supersymmetry Breaking Parameters
In contrast to the studies of moduli and axion, the analysis of soft supersymme-
try breaking parameters is much more sensitive to the very details of a string model.
Unfortunately, our current knowledge of string models is still limited. Although in
the following we will try to discuss soft supersymmetry breaking parameters in a
model-independent way whenever it is possible, yet it should be kept in mind that
our analysis cannot cover all the interesting possibilities and therefore should not
be regarded as final.
It is straightforward to compute the soft supersymmetry breaking terms, that
are generated at the condensation scale µcond ≈ 〈 ρ+ 〉1/3, for our model constructed
in Chapter 2. The gaugino masses mλb are:
mλb = −
〈
g2b (µcond)
8ℓ2
(1 + ℓg
ℓ
)
∑
a
(1 + baℓ) u¯a
〉
≈ −3
8
g2b (µcond)b
2
+
1 + b+〈 ℓ 〉 〈 u¯+ 〉. (5.6)
Notice that the expression of gaugino masses contains the small factor 〈 1 + ℓg
ℓ
〉
discussed at the end of Section 5.2, and therefore gaugino masses are suppressed by
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b2+ after 〈 Vpot 〉 = 0 is imposed. Therefore, it is possible that this suppression of
gaugino masses could be relieved in models with a more complicated mechanism of
cosmological constant cancellation.
The soft terms in the scalar potential are sensitive to the – as yet unknown –
details of matter-dependent contributions to the Green-Schwarz counterterm and
string threshold corrections. We neglect the former6, and write the Green-Schwarz
counterterm as follows:
VGS = b
∑
I
gI +
∑
A
pAe
∑
I
qA
I
gI |ΦA|2 +O(|ΦA|4), (5.7)
where the ΦA are gauge nonsinglet chiral superfields, the qIA are their modular
weights, and the full Ka¨hler potential reads
K = k(V ) +
∑
I
gI +
∑
A
e
∑
I
qA
I
gI |ΦA|2 +O(|ΦA|4). (5.8)
Under these assumptions, the scalar masses and cubic “A terms” are given, respec-
tively, by the following:
m2A =
1
16
〈 ∣∣∣∣∣
∑
a
ua
(pA − ba)
(1 + pAℓ)
∣∣∣∣∣
2 〉
≈ 1
16
〈
(pA − b+)2
(1 + pAℓ)2
ρ2+
〉
,
VA(φ) =
1
4
eK/2
∑
a,A
u¯aφ
AWA(φ)
[
pA − ba
1 + pAℓ
+ ba − (1 + ℓgℓ)
1 + baℓ
3ℓ
]
+ h.c.
≈ 1
4
eK/2u¯+
[∑
A
pA − b+
1 + pAℓ
φAWA(φ) +
3b+
1 + b+ℓ
W (φ)
]
+ h.c., (5.9)
where φ = Φ|θ=θ¯=0 and W (Φ) is the cubic superpotential for chiral matter super-
fields. Note that the squared scalar masses are always positive. As concluded in
Section 4.6, we find in our model that moduli tI are stabilized at the self-dual
point and their associated 〈F I 〉 vanish in the vacuum, which results in a dilaton-
dominated supersymmetry breaking scenario. According to (5.9), both the scalar
masses and A terms are indeed independent of their modular weights by virtue of the
fact that 〈F I 〉 = 0. For the FCNC constraints, this feature of dilaton-dominated
6If string threshold corrections are determined by a holomorphic function, they cannot con-
tribute to the scalar masses.
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scenario is a potential advantage over a moduli-dominant scenario. In the past, it
was generally believed that a dilaton-dominated scenario results in universal soft su-
persymmetry breaking parameters due to the universality of dilaton couplings [63].
However, here we wish to stress that the above statement did not take into account
the matter-dependent contributions to the Green-Schwarz counterterm, and there-
fore a dilaton-dominated scenario does not guarantee universal soft supersymmetry
breaking parameters. It is clear from the computations of our dilaton-dominated
scenario in (5.9) that soft supersymmetry breaking parameters are universal – and
unwanted flavor-changing neutral currents are thereby suppressed – if the matter
couplings (pA) to the Green-Schwarz counterterm are also universal. Unfortunately,
so far there is little knowledge of pA’s; therefore, the best we can do right now is to
study the consequences of several seemingly reasonable choices of pA’s. One possi-
bility is that pA’s are universal; thus we have universal soft supersymmetry breaking
parameters and in this case A terms in (5.9) reduce to
VA(φ) ≈ 3
4
eK/2u¯+
pA (1 + 2b+ℓ)− b2+ℓ
(1 + pAℓ)(1 + b+ℓ)
W (φ) + h.c. ≡ AeK/2W (φ) + h.c.. (5.10)
For example, if the Green-Schwarz counterterm is simply independent of the matter
fields ΦA (i.e., pA = 0), we have mA = mG˜, A ≈ 2mλ. As for choices of non-
universal pA’s, a possibility is that the Green-Schwarz counterterm depends only on
the radii RI of the three compact tori that determine the untwisted-sector part of
the Ka¨hler potential (5.8):
K = k(V )−∑
I
ln(2R2I) +O(|ΦAtwisted|2),
where 2R2I = T
I + T¯ I − ∑A |ΦAI |2 in string units. In this case, pA = b for the
untwisted chiral superfields ΦAI , and pA = 0 for the twisted chiral superfields Φ
A
twisted.
The untwisted scalars have masses comparable to the moduli masses: muntwisted =
mt/2 ≈ A/3. Finally, we note that if b+ ≈ b/10 ≈ 1/30, gaugino masses are
suppressed relative to the gravitino mass at the condensation scale µcond ∼ 10−4M ′P :
mλ ∼ mtwisted/40. If there is a sector with pA = b and a Yukawa coupling of order
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one involving SU(3) (anti-) triplets (e.g., D¯DN , where N is a standard model
singlet), its two-loop contribution to gaugino masses [75] can be more important
than the standard one-loop contribution, generating a physical mass for gluinos
that is well within experimental bounds for mG˜ ≈ 1 TeV. Such a coupling could
also generate a vev for N , thus breaking possible additional U(1)’s at a scale ∼ 10
TeV. The phenomenologically required µ term of the MSSM may also be generated
by the vev of a Standard Model gauge singlet or by one of the other mechanisms
that have been proposed in the literature [76].
In contrast to the case of universal pA’s, for the case of non-universal pA’s one
has to worry about the FCNC problem. Scenarios in which the sparticles of the
first two generations have masses as high as 20 TeV have in fact been proposed
[77] to solve the FCNC problem. However, it has recently been pointed out that
such scenarios may suffer from a negative scalar top mass squared driven by two-
loop renormalization group evolution [78]7. Clearly, a better understanding of the
matter dependence of the Green-Schwarz counterterm is required to make precise
predictions for soft supersymmetry breaking. Nevertheless our model suggests soft
supersymmetry breaking patterns that may differ significantly from those generally
assumed in the context of the MSSM. Phenomenological constraints such as cur-
rent limits on sparticle masses, gauge coupling unification and a charge and color
invariant vacuum can be used to restrict the allowed values of pA’s as well as the
low-energy spectrum of the string effective field theory. To conclude, we would
like to stress that the model presented above is certainly not final and some of
the results obtained, especially on the low-energy sector of the theory, may receive
modifications. Possible sources of modification are the presence of an anomalous
U(1) symmetry [17] or a constant term in the superpotential that breaks modular
invariance [79, 80].
7We thank Hitoshi Murayama for pointing out this problem to us.
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5.5 Gauge Coupling Unification and the Newton’s
Constant
String non-perturbative corrections necessary to stabilize the dilaton could
make significant corrections to the unification of gauge couplings. The functions
f(ℓ) and g(ℓ) introduced above and the threshold corrections whose form is dictated
by T duality invariance contribute as follows to the value of couplings at unification:
g−2a (Ms) = g
−2
s +
Ca
8π2
ln(λe)− 1
16π2
∑
I
bIa ln(t
I + t¯I)|η2(tI)|2, (5.11)
g−2s =
1 + f
2ℓ
, M2s = λg
2
sM
2
P , (5.12)
with
λ =
1
2
eg−1(1 + f) (5.13)
Let us note however that this parameter is worth 1/(2e) ≈ 0.18 in the perturbative
case and e−1.65 ≈ 0.19 in the one gaugino condensate model.
Let us take this opportunity to clarify a confusing statement in the literature
about gauge coupling unification in weakly-coupled superstring. It is often stated
that one can determine from the low-energy values of gauge couplings the precise
value of the gauge coupling unification scale, MGUT , to be theM
(MSSM)
GUT = 3×1016
GeV based on the MSSM. We think that this is a misleading statement since most
string models constructed so far that hold a claim for being realistic include new
forms of matter which perturb the evolution of the gauge couplings at some inter-
mediate threshold [81]. In fact, as for the string models considered in this study, the
unification scale MGUT should naturally be the string scale Ms [33]. Furthermore,
the compactification scale Mcomp is also close to the string scale because the com-
pactification moduli are stabilized at the self-dual point. Therefore, one naturally
expects
MGUT ∼ Ms ∼ Mcomp. (5.14)
Finally, let’s make a short remark on the Newton’s constant GN . For the weakly-
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coupled heterotic string, it has been shown by E. Witten [29] that there exists a
lower bound on the Newton’s constant as follows.
GN ≥ α
4/3
GUT
M2comp
. (5.15)
If one simply takesMcomp to beM
(MSSM)
GUT , the resulting lower bound on the Newton’s
constant is indeed too large. On the other hand, in our study the compactification
moduli are actually stabilized at the self-dual point, 〈 tI 〉 = 1. Therefore, the
compactification scale is quite close to the string scale. According to (5.14), one
should takeMcomp to be of orderMs, and the resulting lower bound on the Newton’s
constant is of order α
4/3
GUT/M
2
s . This lower bound on GN is certainly small enough.
5.6 Concluding Remarks
As discussed in Chapter 1, the weakly-coupled heterotic string theory is known
to have problems with dilaton/moduli stabilization, supersymmetry breaking, gauge
coupling unification, QCD axion, as well as cosmological problems involving dila-
ton/moduli and axion. In the literature some of these problems are often treated as
evidence against the weakly-coupled heterotic string theory. However, it is actually
hard to say whether these problems are inherent to the weakly-coupled heterotic
string theory or they simply reflect our ignorance of important string dynamics.
Furthermore, some of these problems will probably re-appear even in the study of
the strong-coupling limit of the heterotic string theory. In this work we study these
problems by adopting the point of view that they arise mostly due to our limited
calculational power, little knowledge of of the full vacuum structure, and an inappro-
priate treatment of gaugino condensation. Indeed, after a careful review one finds
that the phenomenological studies of the weakly-coupled heterotic string theory in
the literature contain several essential flaws. It is therefore of utmost importance to
correct these flaws and then re-examine the problems of weakly-coupled heterotic
string theory. In conclusion, three essential changes to the standard lore of string
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phenomenology have to be made. The first essential change is about the effective
field theory of the weakly-coupled heterotic string. It is emphasized that the linear
multiplet formalism rather than the chiral multiplet formalism is the appropriate8
framework for the effective field theory of the weakly-coupled heterotic string. The
second essential change is the inclusion of possible stringy non-perturbative effects
in addition to the usual field-theoretical non-perturbative effects produced by gaug-
ino condensation. The third essential change is an improved treatment of gaugino
condensation by including the constraint (2.12). As discussed in Chapter 2, the last
two changes are most naturally implemented using the linear multiplet formalism.
Finally, notice that full modular invariance is always maintained in our construc-
tion. This is important because modular invariance is supposed to be an exact
quantum symmetry of closed string theory [82].
In Chapters 2–4, the linear multiplet formalism with the aforementioned features
is constructed for an E8 model as well as a generic orbifold model. It is particu-
larly transparent in this framework to realize how the dilaton can be stabilized by
stringy non-perturbative contributions to the Ka¨hler potential.9 Furthermore, su-
persymmetry can be broken at a realistic scale once the dilaton is stabilized. As
for the moduli, they are always stabilized at their self-dual points where the moduli
actually do not contribute to supersymmetry breaking – a beautiful consequence of
modular invariance and an appropriate treatment of gaugino condensation. Phe-
nomenologically, we always have a dilaton-dominated scenario of supersymmetry
breaking. The fact that the compactification moduli are stabilized at the self-dual
8We would like emphasize that, in consideration of the chiral-linear duality shown in [9], in
principle the linear multiplet formalism should be equivalent to the constrained chiral multiplet
formalism. However, as discussed in [12], the chiral-linear duality is apt to be very complicated,
especially when the full quantum corrections are included; therefore, there should exist a formalism
where the physics allows a simpler description. It is in this sense that the linear multiplet formalism
is the appropriate formalism.
9Of course, still we don’t know how to calculate these stringy non-perturbative effects. However,
the point is that these effects are at least under good control here.
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point also leads to a small enough lower bound on the Newton’s constant [29]. As
for the masses of moduli, in contrast to the standard lore of string phenomenology
a careful analysis reveals that there is a natural hierarchy between moduli and grav-
itino masses. It is not difficult to see how this hierarchy arises: in a generic orbifold
model with realistic supersymmetry breaking scale, there is already a natural hier-
archy between the E8 β-function coefficient b (associated with the Green-Schwarz
counterterm) and the ba of the largest hidden gauge subgroup (b/b+ ≈ 10). Such
a hierarchy between moduli and gravitino masses has important cosmological con-
sequences. As discussed in Chapter 5, it not only could solve the cosmological
moduli problem but also keeps the energy density of the oscillations of the string
model-independent axion from overclosing the universe. As for the strong CP prob-
lem, there is always only one very light axion (the model-independent axion) in our
model, and it does have the right features to be the QCD axion in contrast to the
conclusion of Banks and Dine [70]. The difference between our result and that of
Banks and Dine has to do with our improved treatment of gaugino condensation
and a holomorphy argument associated with the linear multiplet which is unique to
the linear multiplet formalism. In conclusion, it is fair to say that these problems
of the weakly-coupled heterotic string theory can be solved or are much less severe.
As expected, the origin of the cosmological constant remains a mystery here
although it is indeed under better control and the cosmological constant can be fine
tuned to zero in our treatment. Again, a final resolution of this problem might have
to wait for a complete understanding of superstring dynamics. The other unsettled
issue in this work is the soft supersymmetry breaking pattern. Although our model
always predicts a dilaton-dominated scenario of supersymmetry breaking, yet in
contrast to the standard lore of string phenomenology we point out that whether
a dilaton-dominated scenario predicts universal soft supersymmetry breaking pa-
rameters actually depends on whether the matter couplings to the Green-Schwarz
counterterm are universal. To settle this issue, a better understanding of the matter
dependence of the Green-Schwarz counterterm for generic string models is certainly
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required; it deserves further studies and could lead to a rich phenomenology. An-
other potential problem of this work is that the gaugino masses might be too small.
Whether this is a serious problem or not can be very model-dependent, especially
in the context of superstrings where one generically encounters scenarios beyond
the MSSM. In conclusion, we emphasize that this work is certainly not final, and
it is very important to understand more about the non-perturbative aspects of
superstrings, realistic string model building and the phenomenology. After a care-
ful re-examination of the aforementioned problems of the weakly-coupled heterotic
string theory, it is also hoped that those misunderstandings of the current status of
weakly-coupled heterotic string theory in the literature are clarified by this work.
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